The Journal of Experimental Medicine

Published August 9, 2004

CCRY7 Signals Are Essential for Cortex—Medulla Migration
of Developing Thymocytes

Tomoo Ueno,! Fumi Saito,! Daniel H.D. Gray,? Sachiyo Kuse,!
Kunio Hieshima,®> Hideki Nakano,* Terutaka Kakiuchi,* Martin Lipp,’
Richard L. Boyd,? and Yousuke Takahama!

' Division of Experimental Immunology, Institute for Genome Research, University of Tokushima, 3-18-15
Kuramoto, Tokushima 770-8503, Japan

2Department of Pathology and Immunology, Monash University Medical School, Victoria 3181, Australia

3Department of Microbiology, Kinki University Medical School, Osaka 589-0014, Japan

*Department of Immunology, Toho University School of Medicine, Tokyo 143-8594, Japan

Department of Molecular Tismorgenetics and Immunogenetics, Max-Delbriick Center for Molecular Medicine,
Berlin 13092, Germany

Abstract

Upon TCR-mediated positive selection, developing thymocytes relocate within the thymus
from the cortex to the medulla for further differentiation and selection. However, it is unknown
how this cortex—medulla migration of thymocytes is controlled and how it controls T cell devel-
opment. Here we show that in mice deficient for CCR7 or its ligands mature single-positive
thymocytes are arrested in the cortex and do not accumulate in the medulla. These mutant mice
are defective in forming the medullary region of the thymus. Thymic export of T cells in these
mice is compromised during the neonatal period but not in adulthood. Thymocytes in these
mice show no defects in maturation, survival, and negative selection to ubiquitous antigens.
TCR engagement of immature cortical thymocytes elevates the cell surface expression of CCR7.
These results indicate that CCR?7 signals are essential for the migration of positively selected
thymocytes from the cortex to the medulla. CCR7-dependent cortex—medulla migration of
thymocytes plays a crucial role in medulla formation and neonatal T cell export but is not essen-

tial for maturation, survival, negative selection, and adult export of thymocytes.
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Introduction

During development within the thymus, maturing thy-
mocytes migrate from the cortex to the medulla (1-3). This
cortex—medulla migration coincides with the differentia-
tion of CD4*CD8" (double-positive; DP) immature
thymocytes into CD4*CD8~ (CD#4 single positive; 4SP)
and CD4~CD8" (CDS8 single positive; 8SP) mature thy-
mocytes, during which positive and negative selection
shapes the central framework of the T cell repertoire. Many
studies have been conducted to determine how TCR signals
regulate the survival and death of developing thymocytes.
However, the mechanisms regulating the intrathymic mi-
gration of positively selected thymocytes remain largely
unknown.
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It has been shown recently that chemokines and chemokine
receptors are differentially expressed by subsets of thymic
stromal cells and thymocytes (4-6), suggesting that chemo-
kines may be involved in directing the intrathymic localiza-
tion of developing thymocytes. Indeed, CXCR4 has been
shown to facilitate the localization of early lymphoid pro-
genitors to the cortical region in the thymus (7). In addition,
the in vivo treatment of mouse with pertussis toxin, a G
protein inhibitor, caused the arrest of mature single-positive
(SP) thymocytes in the cortex, suggesting that G protein—
coupled receptor signals, e.g., the signals via chemokine re-
ceptors, may be involved in the accumulation of mature
thymocytes in the medulla (8). The impaired accumulation
of SP thymocytes in the medulla of mouse deficient for

Abbreviations used in this paper: DP, double positive; HPR T, hypoxanthine
phosphoribosyltransferase; 4SP, CD4 single positive; 8SP, CDS single
positive; SP, single positive.
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DOCK?2, a Rac regulator downstream of surface receptors
including the chemokine receptors, further suggests the in-
volvement of chemokines in the cortex—medulla migration
of developing thymocytes (9). However, none of the che-
mokines or chemokine receptors that are involved in the
regulation of the cortex—medulla migration of thymocytes
have been identified so far.

Using mice deficient for CCR7 or its ligands (CCR7L;
ie., CCL19 and CCL21), we show that CCR7 and
CCRUT7L are essential for the intrathymic migration of posi-
tively selected thymocytes from the cortex to the medulla.
Our results also indicate that CCR7 signals critically regu-
late the formation of the medullary region in the thymus
and the export of T cells from newborn mouse thymus.
The data further show that the cortex—medulla migration
of thymocytes is not essential for their maturation, survival,
negative selection, and adult T cell export.

Materials and Methods

Mice. CCR77/~ mice and plt/plt mice were backcrossed to
C57BL/6 mice for six generations. plt/plt mice of BALB/c back-
ground were also used. AND-TCR transgenic mice (10), HY-
TCR transgenic mice (11), 2C-TCR transgenic mice (12), and
B6.SJL-Ptpre? congenic mice (CD45.17CD45.27) were provided
by S. Hedrick (University of California, San Diego, La Jolla, CA),
H. von Boehmer (Harvard Medical School, Boston, MA), D. Loh
(Nippon Research Center, Kamakura, Japan), and H. Nakauchi
(University of Tokyo, Tokyo, Japan), respectively. C57BL/6 (B6)
mice (CD45.17CD45.2%) were obtained from SLC. MHC class
I/class IT double-deficient mice were bred in our animal facility by
crossing MHC class I-deficient B6 background mice (32 micro-
globulin gene targeted mice from The Jackson Laboratory) and
MHC class II-deficient B6 background mice (A gene targeted
mice provided by D. Mathis [Harvard Medical School, Boston,
MA]; reference 13). Mice were bred and maintained under spe-
cific pathogen-free conditions in our animal facility, and experi-
ments were performed with consent from the Animal Experimen-
tation Committee of the University of Tokushima.

Irradiation of Mice. ~ Adult mice at 6-8 wk old were exposed to
4 Gy irradiation with an x-ray irradiation system (MBR-1520R-3;
Hitachi Medico Technology Corporation). Thymuses were ana-
lyzed 24 h after irradiation.

Bone Marrow Chimeras. Bone marrow cells prepared from fe-
murs and tibias of CCR7-deficient mice (CD45.2) and B6 mice
(CD45.2) and B6.SJL-Ptprc® mice (CD45.1) were MACS depleted
of T cells by using FITC-labeled anti-CD3, anti-CD4, and anti-
CD8 antibodies and anti-FITC magnetic beads (Miltenyi Biotec).
B6.SJL-Ptprc* mice (CD45.1) were lethally irradiated (9.25 Gy)
and reconstituted with T cell-depleted bone marrow cells (5 X 10°
CD45.2 donor cells and 5 X 10° CD45.1 donor cells) 24 h after
the irradiation. Mice were analyzed 5 wk after the reconstitution.

Analysis of Recent Thymus Emigrants in Adult Mice. The in-
trathymic labeling technique was described previously (14).
Briefly, 10 pl of 600 wg/ml freshly prepared FITC solution in
PBS was injected directly into the thymuses of anesthetized mice.
Spleen and lymph nodes were removed 24 and 48 h after the in-
jection, and FITC*CD4* T cells were measured by flow cytom-
etry. Because the distribution of T cells was unequal between
control and CCR7 signal—deficient mice, the numbers of system-
ically supplied CD4" recent thymic emigrants (CD4 RTE) were

estimated as described previously (15) using the following for-
mula: (number of CD4 RTE = number of FITC*CD4 T cells in
the spleen + 2 X [total number of FITC*CD4 T cells in mesen-
teric, inguinal, and axillary lymph nodes]).

Emigration of T cells from Newborn Thymus Organ Culture.  Or-
gan culture of newborn thymus lobes from 5-d-old mice was
performed as described previously (16, 17). After 16 h of culture,
cells within and outside the thymus lobes were counted and ana-
lyzed by flow cytometry.

Detection of Apoptotic Cells.  Freshly isolated thymocytes were
three-color stained with FITC—annexin V (Bender MedSystems),
PE-labeled anti-CD8 antibody, and APC-labeled anti-CD4 anti-
body. Apoptotic cells were detected with annexin V staining of’
the cells that excluded propidium iodide.

Thymocyte Stimulation. Thymocytes were stimulated with
concanavalin A (2.5 pg/ml) in a 24-well plate for 48 h and were
stained for CD25. Thymocytes from MHC class I/class II double-
deficient mice were stimulated with plate-bound anti-TCR 3
monoclonal antibody (H57-597, 10 pg/ml) or the combination of
0.2 ng/ml PMA and 200 ng/ml ionomycin in a 12-well plate for
24-48 h, and were measured for cell surface CCR7 expression.

Flow Cytometric Analysis.  Single cell suspensions were washed
with PBS containing 0.2% BSA and 0.1% NalN;. Cells were first
incubated with 2.4G2 anti-FcyR monoclonal antibody (refer-
ence 18; provided by Dr. J. Unkeless, Leiden University, Leiden,
Netherlands) to block the binding of labeled antibodies to FcyR.
Then, the cells were stained with FITC-labeled, PE-labeled,
APC-labeled, and/or biotinylated antibody. Biotinylated anti-
bodies were detected by PE- or APC-conjugated streptavidin
(Molecular Probes). Labeled monoclonal antibodies and normal
IgG controls were obtained from BD Biosciences and eBio-
sciences. For the detection of cell surface CCR7 expression, cells
were stained with the recombinant CCL19-Ig chimeric protein
(10 pg/ml) (19), followed by biotin-labeled goat anti-human
Ig and PE-conjugated streptavidin. Multicolor flow cytometric
analysis was performed using two-laser FACS®-Calibur (Becton
Dickinson). Data were obtained with Cell Quest software for vi-
able cells that were determined based on measurements of for-
ward light scatter intensity and propidium iodide exclusion.

Hematoxylin and Eosin Staining of Thymus Sections. ~ Frozen
thymuses embedded in OTC compound (Sakura Finetek) were
sliced into 5-pm-thick sections and stained with hematoxylin and
eosin. Serial sections of entire thymuses were observed with an
Eclipse E1000 microscope (Nikon). The areas of the cortex and
the medulla were measured by using NIH Image software, ver-
sion 1.62. Three-dimensional volumes of the cortical and medul-
lary regions were calculated as described previously (20).

Multicolor Fluorescence Analysis of Thymus Sections. ~ Frozen sec-
tions (5 wm) were fixed with acetone and stained with Alexa
488—conjugated anti-CD4 (GK1.5), Alexa 546—conjugated anti-
CD8 (53-6-72), and Alexa 633—conjugated UEA1 (Vector Lab-
oratories). Where indicated, sections were stained with FITC-
conjugated anti-CD45.1 (clone A20) or biotinylated antibodies
specific for CD45.2 (clone 104), CD31 (clone 390), CCL19
(DAKO Corporation), and CCL21 (R&D Systems), followed
by Alexa 546— or Alexa 633—conjugated streptavidin (Molecular
Probes). Staining with CDR1 (21), G8.8 (22), ER-TR4, and
ER-TR5 (reference 23; provided by Dr. W. van Ewijk, Mount
Sinai School of Medicine, New York, NY) was visualized with
Alexa 488—conjugated anti-rat Ig (Molecular Probes). Staining
with anti—keratin 5 (Covance) and anti—keratin 8 (Progen Bio-
technik) was visualized with FITC-conjugated anti-rabbit Ig
and Alexa 633—conjugated anti—-mouse Ig, respectively. The im-
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ages were acquired with a TCS SP2 confocal laser-scanning mi-
croscope (Leica) equipped with Ar and He-Ne lasers (excita-
tions at 488, 546, and 633 nm) and analyzed using Leica
confocal software, version 2.0.

RT-PCR Analysis of mRNA Transcripts.  Total cellular RNA
from the thymus and the peripheral lymph nodes was reverse tran-
scribed using Superscript II reverse transcriptase (Life Technolo-
gies) and oligo-dT oligonucleotide. cDNA was PCR amplified
with Taq polymerase (Takara) for CCR7 (5'-TGTACGTCAG-
TATCACCAGC-3" and 5'-TTTTCCAGGTGTGCTTCTGC-
3') and hypoxanthine phosphoribosyltransferase (HPRT) (5'-
CACAGGACTAGAACACCTGC-3" and 5'-GCTGGTGAAA-
AGGACCTCT-3'"). The primers for CCL19, CCL21-ser, and
CCL21-leu were as described previously (24). Amplified signals
were confirmed to be single bands by gel electrophoresis and were
normalized to the housekeeping gene, HPRT. PCR products
were electrophoresed on 1.5% agarose gel and visualized by ethid-
ium bromide staining.
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Results

Defective 'T" Cell Supply in Newborn CCR7- or CCR7L-
deficient Mice. We have reported previously that the thy-
mus-dependent supply of circulating T cells is defective in
newborn CCR7-deficient mice (25). It was also found that
peripheral T cell numbers are reduced only in the neonatal
period and are restored to the normal level in adult CCR7-
deficient mice (25, 26). In the present study, we further in-
vestigated how the central supply of T cells is affected by
the lack of CCR7. To examine the contribution of CCR7
ligands (CCR7L) to CCRY7 signals, we used plt/plt mice
deficient for CCR7L expression (27) in addition to
CCR7-deficient mice. To minimize the variability of ge-
netic background among individual mice, we used CCR7-
deficient mice and plt/plt mice that were both backcrossed
to C57BL/6 genetic background for six generations. We
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RT-PCR analysis of lymphoid organs in CCR7-
or CCR7L-deficient mice. Total cellular cDNA
of thymuses and peripheral lymph nodes (PLN)
was isolated from +/plt (+/P), plt/plt (P/P),

15 4SP Cells 8SP Cells CCR7*/~ (+/7), and CCR7~/~ (7/7) mice and
—~ 1. - was PCR  amplified for CCR7, CCL19,
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= — 8 3 © T e Boge {2x mocytes from indicated newborn mice at 5 d old
5 1.01 N o < 751 8 . were stained for CD4, CD8, and TCRf and
o o2 ° ) 2 S . b 3 analyzed by flow cytometry. DP, 4SP, and 8SP
§ 051 & 50 : E .3 : represent CD4TCD8¥, CD4+*CD8 TCRhis,
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O : S 0 cated. (C) CD3"ehTCRBMe" T cells in the spleen

+P P/IP  +/77/7 +/PP/IP +/77/7 +/PP/IP +/77/7 were measured in 5-d-old mice. (D) Newborn

mouse thymus lobes were cultured for 16 h, and
cells within and outside the thymus lobes were
stained for CD4 and CD8. Cells that were re-
leased from the thymus lobes were measured
for CD4*CD8~ and CD4~CD8™ populations.
(E) Three-color immunofluorescence analysis of
newborn mouse thymus sections on the day of
birth for CD4, CDS8, and ER-TR5. Cells in
cyan color (merging of green and blue) indicate
CD4*CD8* cells expressing both CD4 (in
green) and CD8 (in blue). p values were calcu-
lated by the Student’s f test. NS, not significant.
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confirmed that the CCR7-deficient mice and the plt/plt
mice expressed undetectable levels of CCR7 and CCR7L
(CCL19, CCL21-ser, and CCL21-leu), respectively, in the
thymus and the peripheral lymph nodes (Fig. 1 A, PLN).
Both plt/plt mice and CCR7-deficient mice at 5-d-old
generated unreduced numbers of thymocytes, including
CD4*CD8* (DP), CD4*CD8~ (4SP), and CD4-CD8"
(8SP) cells, compared with control mice (Fig. 1 B). The
numbers of 4SP thymocytes in those mutant mice were
slightly but significantly larger than those in control mice
(Fig. 1 B). In contrast, those mutant mice showed signifi-
cantly smaller numbers of T cells in the spleen (Fig. 1 C).
Unlike the thymus lobes from newborn control mice,
which released nearly all of the 4SP and 8SP thymocytes in
a 16-h organ culture, the thymus lobes from newborn plt/
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plt and CCR7-deficient mice exhibited significantly lower
release of 4SP and 8SP cells (Fig. 1 D). These results indi-
cate that mice deficient for either CCR7 or CCR7L are
defective in the thymus-dependent supply of T cells in the
newborn period.

Defective Medulla Formation in the Thymuses of CCR7- or
CCR7L-deficient Mice. To better understand how CCR7
signals contribute to T cell supply by newborn mouse thy-
mus, we next examined the microanatomical architecture
of thymuses in newborn mice deficient for CCR7 or
CCRU7L. As shown in Fig. 1 E, the thymuses from new-
born control mice consisted of two distinct regions of the
cortex and the medulla; the cortical region was filled with
DP immature thymocytes (in cyan by merging green and
blue), and the medullary region was identified by the con-
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@ g0l © 129 == CDS8 (blue), and ER-TR5 (red). (B) Hematoxylin
E and eosin staining. (C) Three-dimensional analysis
- of the volumes (in cubic millimeters; means * SEs)
GE) 40 7 777 of cortical and medullary regions. (D) High magni-
E ——— fication images of the immunofluorescence analysis
g 20, 14 12 for CD4, CD8, and ER-TR5. ER-TR5* medullary
regions are shown. (E and F) Flow cytometric anal-
ysis of thymocytes. Means * SEs of total thy-
0 mocytes (numbers of mice examined) are indicated.
+/+ PIP7/7 +/+ PIP7/7 Numbers within each area indicate the frequency
TCRB of cells within that area.
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comitant presence of 4SP (in green; majority) and 8SP (in
blue; minority) mature thymocytes amongst ER-TR5"
medullary epithelial cells (23) (in red). On the other hand,
the thymuses from newborn plt/plt mice and newborn
CCR7-deficient mice exhibited abnormal architectures.
Most remarkable was that the medullary regions identified
by the presence of ER-TR5* cells appeared dark and
empty, with no colocalization of thymocytes that expressed
either CD4 or CDS8 (Fig. 1 E). The absolute numbers and
frequencies of 4SP and 8SP thymocytes were not reduced
in those mutant neonates (Fig. 1 B). Together, the results
indicate that mature SP thymocytes generated in the new-
born mutant mouse thymus fail to accumulate in the me-
dulla because of the lack of CCR7 signals. This may, in
turn, contribute to the defect in T cell export from the
newborn thymus.
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The architecture of the thymic medullas of plt/plt and
CCR7-deficient mice was abnormal even in adulthood.
Histological analysis of the thymus by using the medul-
lary—epithelial cell-specific monoclonal antibody, ER-TR5
(Fig. 2 A), and by hematoxylin and eosin staining (Fig. 2
B), revealed that the medullary regions in CCR7- or
CCR7L-deficient mice were smaller than those in control
mice. Individual medullary regions were small and sparsely
distributed throughout the thymuses of the mutant mice,
whereas control mouse thymus contained large intercon-
nected medullas (Fig. 2, A and B). Calculation of the three-
dimensional volumes of the cortical and medullary regions
in the thymuses (20) indicated that the medulla volume of
the mutant mouse thymus was ~50% of that of the control
mouse thymus, whereas the cortex volume of the mutant
mouse thymus was comparable to that of control mouse

'CCL21IECDR1 N UEA1

'ER-TR4 Il UEA1

Figure 3. Thymic stromal cells in adult
CCR7- or CCR7L-deficient mice. (A) Three-
color immunofluorescence analysis for cortical
epithelial cell specific CDR1 (blue), medullary
epithelial cell specific UEA1 (red), and either
CCL19 or CCL21 (green). (B) Medullary regions
were stained for UEAT1 (green) and ER-TR5
(red). (C) Medullary regions were stained for
G8.8 (green) and ER-TR5 (red). (D) Staining
for cortical epithelial cell-specific ER-TR4
(green) and medullary epithelial cell-specific
UEA1 (red). (E) Staining for cortical epithelial
cell-specific keratin-8 (red) and medullary epi-
thelial cell-specific keratin-5 (blue). Arrows in
B and C indicate clusters of highly condensed
UEA1* and G8.87 cells in the medulla.
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thymus (Fig. 2 C). Not only was the medulla volume sig-
nificantly reduced, the medullary region in the adult mu-
tant mouse thymus showed poor accumulation of 4SP and
8SP thymocytes as well (Fig. 2 D). On the other hand, the
CD4/CDS8 profiles, including the ratios of the DP, 4SP,
and 8SP populations and the TCR[3 expression profiles of
adult thymocytes were unaftected in the mutant mice (Fig.
2, E and F). These results indicate that even in adult mice
mature thymocytes are poorly localized to the thymic me-
dullas in the absence of CCR7 signals.

CCRU7L proteins in the thymus, which were predomi-
nantly produced by medullary epithelial cells (25), were
specifically detected in the medullary regions of control
mice but not in the thymuses of plt/plt mice (Fig. 3 A), re-
inforcing the possibility that CCR7L expressed in the me-
dulla 1s involved in the accumulation of CCR7-expressing
mature thymocytes in the medulla. It should be noted also
that unlike the thymic medullary region in control mouse,
the thymic medullas in plt/plt and CCR7-deficient mice
were defective in forming Hassall’s corpuscle—like clusters
of UEA1" and G8.87 epithelial cells (22, 28) (Fig. 3, B and
C, arrows). On the other hand, epithelial cells in the corti-
cal region identified by CDR1, ER-TR4, and keratin-8
(K8) were normally organized (21, 29) (Fig. 3, A, D, and
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E). These results indicate that because of the lack of CCR7
signals the thymic medullary region is small in volume and
defective in forming an optimal architecture.

Arrest of SP Thymocytes in the Cortices of CCR7- or
CCR7L-deficient Mice. 'The results described above indi-
cate that the lack of CCR7 signals results in the poor accu-
mulation of mature thymocytes in the thymic medulla.
Whereas SP thymocytes were sparsely populated in the thy-
mic medullas of plt/plt and CCR7-deficient mice, the gener-
ation of SP thymocytes was not perturbed in those mice. We
then examined where mature thymocytes were localized in
the thymuses of CCR7- or CCR7L-deficient mice. Initial
attempts at analyzing the thymus sections from untreated
mice led to the detection of SP thymocytes in the cortices of
plt/plt and CCR7-deficient mice but not of control mice
(Fig. 4 A, arrows). However, an overwhelming number of
DP thymocytes that were tightly packed in the cortices ham-
pered the clear distinction between DP and SP thymocytes
in the cortex of untreated mice by multicolor immunofluo-
rescence analysis. Therefore, we used the following three ap-
proaches to better identify the intrathymic localization of SP
thymocytes in CCR7- or CCR7L-deficient mice.

In the first set of experiments, mice were sublethally irra-
diated in order to deplete the majority of immature DP
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roud ] C 50um
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Figure 4. Distribution of SP thy-
mocytes in the thymuses of sublethally
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thymocytes. It has been shown that sublethal irradiation in-
duces the apoptosis of immature cortical DP thymocytes
rather than that of mature medullary SP thymocytes (30).
Indeed, in both plt/plt mice and control mice the thymuses
that were isolated from 4 Gy—irradiated mice contained
<10% thymocytes compared with those from nonirradi-
ated mice, with the loss of DP thymocytes being the most
drastic (Fig. 4 B). We found that unlike the thymic cortices
of irradiated control mice, which contained a small number
of DP thymocytes, the thymic cortices of irradiated plt/plt
and CCR7-deficient mice contained a considerable num-
ber of 4SP and 8SP thymocytes (Fig. 4, C and D). The ma-
jority of radiation-resistant 4SP and 8SP thymocytes were
found in the thymic cortices rather than the medullas of
those mutant mice (Fig. 4 D). However, it should be noted
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Figure 5. Distribution of CD4 SP thymocytes
in adult CCR7- or CCR7L-deficient AND-
TCR transgenic mice. (A) Flow cytometric
analysis of thymocytes from indicated mice.
Numbers within each area indicate the frequency
of cells within that area. (B) Three-color immuno-
fluorescence analysis of the thymus sections for
CD4, CD8, and UEA1. Higher magnification
images of boxes in the left panels are shown on
the right. Arrows indicate CD4*CD8™ cells (in
green) in the cortex. (C) Means * SEs of the
numbers of CD47CD8~ (4SP) cells per unit
area (0.01 mm?) of indicated regions of thymus
sections are indicated.

that small numbers of SP thymocytes were found in the
medulla even in CCR7- or CCR7L-deficient mice. These
results indicate that radiation-resistant mature SP thymo-
cytes are mostly arrested in the thymic cortices of CCR7-
and CCR7L-deficient mice.

Second, thymus sections from untreated AND-TCR
transgenic mice were examined. It has been reported that
class II MHC-restricted AND-TCR  transgenic thymo-
cytes are efficiently positively selected in H-2" mice, and
up to 30-50% of the thymocytes become 4SP in those
mice (reference 10 and Fig. 5 A). Thus, it was reasoned
that the localization of 4SP thymocytes could be better vi-
sualized even in untreated mice in the presence of DP thy-
mocytes. Accordingly, we found that in AND-TCR trans-
genic mice that were plt/plt or CCR7/~, the medullary
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regions were poorly formed, and many CD4SP thymocytes
were detected within the cortices (Fig. 5, B and C). These
results indicate that positively selected mature SP thy-
mocytes are poorly exported from the cortex because of
the lack of CCR7 signals.

Third, lethally irradiated mice (CD45.1) were reconsti-
tuted with a mixture of T cell-depleted bone marrow cells
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Figure 6. Intrathymic distribution of CCR7-deficient thymocytes in
mixed bone marrow chimeras. (A) Scheme of the experimental protocol.
(B) Flow cytometric analysis of thymocytes and lymph node (LN) cells.
Where indicated, cells were gated for CD45.17, CD45.2%, and CD3*
populations. Means of total thymocytes are also shown in histogram panels.
(C) Three-color immunofluorescence analysis of thymus sections for
CD45.2 (green), CD45.1 (blue), and ER-TRS5 (red). (D) Means £ SEs of
the numbers of total, CD45.1%, and CD45.2% cells per unit area (0.01
mm?) of indicated regions of thymus sections are indicated. C and Cor,
cortex; M and Med, medulla. *, P < 0.001.

from wild-type (CD45.1) and CCR77/~ (CD45.2) mice
(Fig. 6 A). In this experimental setting, CCR77/~ thy-
mocytes (KO donor) or control thymocytes (WT donor)
were expected to develop in the environment of normal
thymic stromal cells in the presence of normal developing
thymocytes. The staining with CD45.1- and CD45.2-spe-
cific monoclonal antibodies enabled us to distinguish be-
tween CD45.2% thymocytes (derived from KO donor or
WT donor bone marrow cells) and CD45.1* thymocytes
(derived from codeveloping normal thymocytes and radia-
tion-resistant normal host cells). The thymuses analyzed at
5 wk after the bone marrow reconstitution showed compa-
rable development of CD45.1% and CD45.2% thymocytes
between the KO donor group and the WT donor group
(Fig. 6 B). The inefficient repopulation of the CCR7-KO
T cells in the lymph nodes (Fig. 6 B) was consistent with
the previously reported role of CCR7 in the migration of
T cells into the lymph nodes (26). Immunofluorescence
analysis of the thymus sections indicated that both cortex
and medulla were generated in the KO donor-reconsti-
tuted group and in the WT donor-reconstituted group
(Fig. 6 C), consistent with the normal development
and normal cortex—medulla distribution of wild-type bone
marrow—derived CD45.1* thymocytes (Fig. 6, B and C).
Most importantly in this experiment, KO donor—derived
CD45.2* thymocytes were found only in the cortex and
not in the medulla, whereas WT donor—derived CD45.2"
thymocytes were distributed in both the cortex and the
medulla (Fig. 6, C and D). Thus, even in the normal thy-
mus environment in which the medullary region is nor-
mally generated, CCR7-deficient thymocytes are defective
in the migration from the cortex to the medulla. Together,
these results indicate that because of the lack of CCR7 or
CCR7L mature SP thymocytes are arrested within the cor-
tex, being defective in the migration to the medulla.

Developmental Profiles of SP Thymocytes in CCR7- or
CCR7L-deficient Mice. The results above indicated that
SP thymocytes in CCR7- or CCR7L-deficient mice were
defective in the cortex—medulla migration. Thus, it was in-
teresting to examine whether SP thymocytes generated in
CCR7- or CCR7L-deficient mice might be developmen-
tally altered by the defective migration to the medulla.
Flow cytometric analysis of 4SP thymocytes revealed no
remarkable differences in the expression profiles of TCRf,
CD5, CD62L, CD69, HSA, Qa-2, and TSA1 between the
mutant mice and the control mice (Fig. 7 A). In addition,
4SP thymocytes from those mutant mice showed neither
signs of enhanced apoptosis (Fig. 7 B) nor alterations in re-
ceptor-induced activation, such as CD25 up-regulation
upon concanavalin A stimulation (Fig. 7 C). Similar to 4SP
thymocytes, 8SP thymocytes in CCR7- or CCR7L-defi-
cient mice showed no abnormality in these criteria (unpub-
lished data). Thus, in CCR7- or CCR7L-deficient mice,
we found that there were no defects in the SP thymocytes
based on the profiles of maturation, survival, and respon-
siveness, even though those cells were defective in the mi-
gration from the cortex to the medulla.
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Positive selection and negative selection of TCR trans-
genic thymocytes appeared undisturbed in CCR7L-deficient
plt/plt mice that were crossed to HY-TCR transgenic mice
or 2C-TCR transgenic mice (Fig. 8 A). Positive selection of
thymocytes was not disturbed in AND-TCR transgenic
mice that were crossed to either plt/plt or CCR77/~ mice
(Fig. 5 A). Thus, positive and negative selection of these
TCR transgenic thymocytes could occur in the cortex with-
out normal migration to the medulla. VB3* and VB5* T
cells in CD4SP and CDS8SP thymocytes were deleted in
BALB/c—plt/plt mice, similar to normal BALB/c mice (Fig.
8, B and C), indicating that mtv superantigen—mediated neg-
ative selection may occur in the thymus lacking CCR7L.

We also examined whether the thymus-dependent sup-
ply of T cells was affected in adult mice deficient for
CCR7 or CCR7L. As shown in Fig. 8 D, we detected no
defects in the supply of intrathymically labeled T cells to
the peripheral circulation in adult plt/plt or CCR7~/~ mice
by the recent thymus emigrant assay (14, 15). Thus, un-
like newborn mouse thymocytes, adult mouse thymocytes
could be exported from the thymus to the circulation in
the absence of CCR7 signals or CCR7-dependent accu-
mulation of mature thymocytes in the medulla.

TCR-mediated Elevation of CCR7 Expression on the Sur-
face of Developing Thymocytes.  Finally, we examined how
CCR7 was expressed on the surface of developing thy-
mocytes. To do so, we used CCL19-Ig fusion protein that
specifically detects CCR7 expression on the surface of con-
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CD25

thymocytes (dashed lines) from indicated mice
were stained for CD4, CDS8, and CD25.

trol thymocytes and not CCR7-deficient thymocytes (Fig.
8 E). In agreement with previously reported mRINA levels
of thymocyte subpopulations (4, 5), the surface expression
of CCR7 was detected in a majority of 4SP and 8SP thy-
mocytes (Fig. 8 F). The CCR7 surface expression was not
detected in most immature DN and DP thymocytes, al-
though low levels of CCR7 expression were detected in a
small fraction of DN thymocytes (Fig. 8 F). To examine
whether TCR signals could directly increase CCR7 ex-
pression on the surface of immature cortical DP thy-
mocytes, preselected DP thymocytes isolated from MHC-
deficient mice were stimulated with anti-TCR[3 antibody
or PMA plus ionomycin in suspension culture. Because of
the lack of class I and class II MHC molecules, DP thy-
mocytes in MHC-deficient mice do not experience TCR
engagement in vivo and are arrested in the cortex at the
preselected stage (31, 32). As shown in Fig. 8 G, TCR-
stimulated or PMA/ionomycin-stimulated DP thymocytes
from MHC-deficient mice exhibited an increase in the sur-
face expression of CCR7 within 48 h, indicating that TCR
engagement directly increases CCR7 expression on the
surface of cortical DP thymocytes. 2C-TCR transgenic DP
thymocytes expressed higher levels of CCR7 in positively
selecting H-2¥" background than in null selecting H-2k
background (Fig. 8 H) in agreement with a previous re-
sult showing that the functional responsiveness to CCR7
ligands is higher in CD69* DP thymocytes than in CD69~
DP thymocytes (5). These results suggest that positively se-
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Figure 8. Seclection and export of thymocytes in adult CCR7L- or CCR7-deficient mice, and CCR7 surface expression in thymocytes. (A) Thy-
mocytes isolated from indicated mice were three-color stained for CD4, CD8, and transgenic TCR (T3.70 for HY-TCR and 1B2 for 2C-TCR).
Shown are the dot plot profiles of transgenic TCR-expressing cells. Means = SEs of total thymocytes are also indicated. (B and C) Thymocytes isolated
from wild-type (wt) and plt/plt (plt) mice of C57BL/6 and BALB/c backgrounds were three-color stained for CD4, CD8, and indicated TCR-Vfs.
Monoclonal antibodies specific for CB, VB3, VB4, VB5, VB6, and VB8 used were H57-597, KJ25, KT4, MR9-4, RR4-7, and F23.1, respectively.
Shown are the frequencies of indicated VB cells within CD4SP (B) and CD8SP (C) populations. Means = SEs of data from three individual mice are
indicated. (D) Recent thymus emigrants within peripheral CD4*CD8" T cells were measured in adult mice at 24 and 48 h after the intrathymic FITC
labeling. NS, not significant. (E) Thymocytes from adult B6 mice (top) or CCR7-deficient mice (bottom) were stained for CCL19-Ig. Dashed lines
show control staining profiles. (F) CCL19-Ig staining profiles (solid lines) and control staining profiles (dashed lines) of indicated fractions of adult B6 thy-
mocytes. (G) CCL19-Ig staining profiles (solid lines) and control staining profiles (dashed lines) of DP thymocytes from MHC-deficient mice. Thy-
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(H) CCL19-Ig staining profiles of DP thymocytes from 2C-TCR transgenic mice of positively selecting H-2¥" background (kb, bold line) and null

selecting H-2¥* background (kk, thin line). Dashed line indicates control staining profile.

lecting TCR signals up-regulate the surface expression of
CCR7 in immature thymocytes.

Discussion

The present results indicate that in mice deficient for
CCR7 or CCR7L, mature SP thymocytes are poorly lo-
calized to the thymic medulla. The arrest of SP thymocytes
in the cortex of plt/plt or CCR77/~ mice was demon-
strated by (a) careful examination of the cortex of untreated
mutant mice, (b) determination of the distribution of radia-
tion-resistant SP thymocytes, (c) detection of positively se-
lected AND-TCR transgenic SP thymocytes, and (d) anal-
ysis of thymus sections in mixed bone marrow chimeras.
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All the results of these experiments indicate that in the ab-
sence of CCR7 signals, mature SP thymocytes are arrested
within the cortex and that CCR?7 signals are essential for
developing thymocytes to migrate from the cortex to the
medulla. Our results also show that TCR engagement
of DP thymocytes elevates the cell surface expression of
CCRY7, suggesting the following scenario of intrathymic
positive selection: DP thymocytes are newly generated in
the thymic cortex, encounter positively selecting TCR
ligands in the cortex, undergo a series of TCR signal—
mediated maturation programs including CCR7 expression,
and migrate to the medulla via chemoattraction to CCR7L
produced by medullary epithelial cells. Consequently, the
positively selected thymocytes in control mice migrate to

CCR7 Signals in Intrathymic Migration
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the medulla upon the completion of the maturation pro-
gram to become SP, whereas in mice deficient for CCR7
or CCR7L, the positively selected thymocytes remain in
the cortex even after the differentiation to become SP.

Poor accumulation of mature SP thymocytes in the me-
dullas of plt/plt or CCR7~/~ mice was found in the new-
born period and in adulthood. As suggested previously by
the defective supply of circulating T cells (25) and as con-
firmed by the measurement of thymocyte release in the
present study, the emigration of T cells from the thymus is
defective in newborn mice lacking CCR7 signals. Even
though the small numbers of peripheral T cells in newborn
mutant mice may also be due to poor survival of circulating
T cells in the absence of CCR7, the present results show
that CCR7 is essential for the migration of SP thymocytes
to the medulla and the optimal emigration of T cells from
the thymus in newborn mice. The defective T cell export
from the thymus in newborn CCR7 signal-deficient mice
may be due to the defective accumulation of mature SP
thymocytes in the medullas. Thus, the CCR7-dependent
migration of mature thymocytes to the medullary regions
may be involved in the export of T cells from the thymuses
of the newborn mice.

On the other hand, the present results indicate that the
thymuses of adult plt/plt or CCR77/~ mice are capable of
normally exporting T cells even though their medullary
regions exhibit poor accumulation of mature SP thymo-
cytes. Thus, in contrast to the case of newborn mouse thy-
mus, T cells generated in the adult mouse thymus can be
exported in the absence of CCR?7 signals and in the ab-
sence of CCR7-dependent accumulation of mature thy-
mocytes in the medulla. It is possible that the accumula-
tion of mature thymocytes in the medulla has a minor
involvement in T cell emigration in the adult mouse,
whereas CCR7-dependent migration to the medulla may
be essential for newborn mouse thymic emigration. In-
deed, it was reported that the thymuses in adult relB-defi-
cient mice lacking thymic medullas can export fully func-
tional T cells (33, 34), consistent with the possibility that
T cell emigration from adult mouse thymus can occur
without the thymic medulla.

Even though T cell emigration from the adult thymus
occurs in the absence of CCR7 signals, T cell export from
the adult thymus is dependent on G protein signals (35). It
was shown recently that T cell egress from adult thymus is
dependent on sphingosine-1—phosphate receptor and that
the sphingosine-1—phosphate—mediated chemotaxis of ma-
ture thymocytes is dependent on G protein signals (36, 37).
Thus, T cell export from the thymus is regulated by CCR7
signals and sphingosine-1—phosphate receptor signals, and
the dependence on those two molecular mechanisms may
be switched during ontogeny.

Our results indicate that because of the lack of CCR7 sig-
nals, the thymic medullary region is defective not only in ac-
cumulating SP thymocytes but also in forming an optimal
architecture, including Hassall’s corpuscle—like clusters of
medullary epithelial cells. These results are consistent with
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the possibility of a lympho-epithelial cross talk between thy-
mic epithelial cells and developing thymocytes (38). Poor ac-
cumulation of mature thymocytes in the medulla may per-
turb the full maturation of medullary epithelial cells, which is
essential for the formation of an optimal architecture.

One recent report has shown that adult mice deficient
for lymphotoxin 3 receptor exhibit defective maturation of
thymic medullary epithelial cells and defective export of
mature thymocytes (39). On the other hand, our results
show that adult mice deficient for CCR?7 signals exhibit
defective maturation of medullary epithelial cells and unaf-
fected export of mature thymocytes, indicating that there is
a difference between the signals regulating the maturation
of medullary structures and the signals regulating the export
of mature thymocytes. Unlike CCR?7 signals, lymphotoxin
B receptor signals may control the development of thymic
stromal components that are essential for both T cell export
and the formation of medullary structures.

Finally, the present results revealed no defects in the matu-
ration profiles of thymocytes in CCR7- or CCR7L-deficient
mice, even though the thymocytes were defective in the mi-
gration from the cortex to the medulla. In the TCR trans-
genic mice used in the present study, both positive selection
and negative selection were normally detected in the absence
of CCR7 signals without accumulation to the medulla. M
superantigen—mediated negative selection in the thymus was
also detected in the absence of CCR7 signals. Thus, it is con-
ceivable that the accumulation to the medullary environment
is not essential for T cell development including the processes
of positive and negative selection and that T cell development
and selection can occur only within the thymic cortex. How-
ever, it has been shown in relB-deficient mice that negative se-
lection is impaired in the absence of the medulla, as evidenced
by autoreactive proliferative responses (34). In addition, thy-
mic medullary epithelial cells have been shown to express
AIRE, which regulates the tolerance of T cells to organ-spe-
cific self-antigens (40, 41). Thus, negative selection in the thy-
mus may occur in the cortex and the medulla depending on
ubiquitous and organ-specific self-antigens that are expressed
in the cortical and medullary environments, respectively.

In conclusion, the present results reveal that CCR7 and
CCRT7L are essential for the migration of developing thy-
mocytes from the cortex to the medulla. CCR7 signals
play a major role in intrathymic T cell migration during
thymocyte development in addition to their previously ap-
preciated role in T cell migration to secondary lymphoid
organs in immune responses.
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In Fig. 1 A, the labeling in lanes 3 and 4 as well as in lanes 7 and 8 was inadvertently reversed. The corrected figure appears below.
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Figure 1. Characterization of thymuses of newborn CCR7- or CCR7L-deficient mice. (A) RT-PCR analysis of lymphoid organs in
CCR7- or CCR7L-deficient mice. Total cellular cDNA of thymuses and peripheral lymph nodes (PLN) was isolated from +/plt (+/P),
plt/plt (P/P), CCR7%/~ (+/7), and CCR7~/~ (7/7) mice and was PCR amplified for CCR7, CCL19, CCL21-ser, CCL21-leu, and
HPRT. (B) Thymocytes from indicated newborn mice at 5- d old were stained for CD4, CD8, and TCRf and analyzed by flow cytometry.
DP, 4SP, and 8SP represent CD4*CD8", CD4"CD8 TCR"s", and CD4~ CD8"TCR"s", respectively. Data from individual mice
and means = SE are indicated. (C) CD3"$"TCR " T cells in the spleen were measured in 5-d-old mice. (D) Newborn mouse thymus
lobes were cultured for 16 h, and cells within and outside the thymus lobes were stained for CD4 and CDS8. Cells that were released from
the thymus lobes were measured for CD47CD8~ and CD4~CD8" populations. (E) Three-color immunofluorescence analysis of new-
born mouse thymus sections on the day of birth for CD4, CDS8, and ER-TRS5. Cells in cyan color (merging of green and blue) indicate
CD4"CD8™ cells expressing both CD4 (in green) and CD8 (in blue). p values were calculated by the Student’s ¢ test. NS, not significant.
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