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Mice lacking the CCR9 CC-chemokine receptor show a mild impairment of

early T- and B-cell development and a reduction in T-cell receyaor
gut intraepithelial lymphocytes

Marc-André Wurbel, Marie Malissen, Delphine Guy-Grand, Eric Meffre, Michel C. Nussenzweig,

Mireille Richelme, Alice Carrier, and Bernard Malissen

CC chemokine receptor (CCR) 9, the re-
ceptor for the CC-chemokine CCL25/
thymus-expressed chemokine (TECK), is
mainly expressed by thymocytes and by
intraepithelial (IEL) and lamina propria
lymphocytes of the small intestine. To
study the biologic role of CCR9, a mouse
strain was generated in which the CCR9
gene was deleted. In spite of the high
level of CCR9 found in double- and single-
positive thymocytes and of the expres-
sion of its corresponding ligand on thy-
mic stromal cells, CCR9 deletion had no
major effect on intrathymic T-cell develop-

ment. It was noted that there was only a
one-day lag in the appearance of double-
positive cells during fetal ontogeny in
CCR9~/~ thymi. When tested in chemo-
taxis assay, thymocytes isolated from
CCR9~/~ mice failed to respond to TECK/
CCL25. Taken together, these results sug-
gest that in thymocytes, CCR9 is the only
physiologic receptor for TECK/CCL25, and
that it is dispensable for proper T-cell
development. Bone marrow pre-pro—B
cells migrate in response to TECK/CCL25,
but more mature B cells do not. Consis-
tent with this observation, it was shown

that there are fewer pre-pro—B cells in
CCR9~/~ mice than in wild-type mice.
However, this diminution does not appear
to have a detectable effect on the genera-
tion of a normal complement of mature B
cells. Finally, it was shown that in the
small intestine of CCR9-deficient mice,
the intraepithelial T-cell-to—epithelial cell
ratio is decreased, an observation that
can be accounted for by a marked diminu-
tion of the T-cell receptor y&* compart-
ment. (Blood. 2001;98:2626-2632)

© 2001 by The American Society of Hematology

Introduction

During their development in the thymus, T cells migrate from th€ECR9 expression and this correlates with their ability to migrate in
outer capsule to the inner medulla, a process that allows the#sponse to TECK/CCL25. CCR9 transcripts subsequently de-
sequential interaction with different types of stromal cells. Followerease in single-positive (SP) thymocytes. Therefore, TECK/
ing their exportation to the periphery, a sophisticated network @CL25 may direct the centripetal intrathymic progression followed
chemokines control their appropriate navigation to and frotmy developing T cells, and/or constitute a thymic retention factor
secondary lymphoid orgads.Likewise, the migration of develop- since CD4 SP cells have been shown to lose their ability to
ing T and B cells within their respective primary lymphoid organsespond to TECK/CCL25 at the latest identifiable stage of thymo-
is likely under the control of chemokinés.Consistent with the cyte maturation. Chemokines are also postulated to play a role in
implication of G protein—coupled chemokine receptors in théhe importation of lymphoid precursor cells to the thymus. Along
intrathymic trafficking of T cells, the latter is inhibited by pertussighis line, a number of chemokines (TECK/CCL25, stromal cell—
toxin.® Moreover, developing thymocytes express several chemaerived factor 1 [SDF-1/CXCL12], and secondary lymphoid tissue
kine receptors and their corresponding ligands produced by thyneisromoattractant [SLC/CCL21]) are expressed in the alymphoid
stromal cells. thymic anlage present at day 12.5 of gestatibMoreover, TECK
Recent studies, including our own, have described a novslreadily detectable in fetal thymus at day 15 of gestatitin.
thymus-expressed chemokine (TECK)/CCE:2%nd its receptor, TECK/CCL25 is also abundantly expressed in the epithelial
CC chemokine receptor 9 (CCR%)2 TECK/CCL25 is predomi- cellslining the small intestin@,and in humans most of the intestinal
nantly expressed by most thymic epithelial cortical cells, by a feimtraepithelial (IEL) and lamina propria T cells express CCRY.
thymic epithelial medullary cells, and by CDI1thymic dendritic  Furthermore, a small CCR9subset of human peripheral T cells
cells®13 The level of CCR9 transcripts undergoes a 10-foléxists and is probably endowed with gut-homing propeffigs.
increase during the double-negative (DN) to double-positive (DRherefore, in addition to its putative role during intrathymic T-cell
transition. Among thymocytes, DP thymocytes have the highed¢velopment, TECK/CCL25 may play an additional role in the
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selective extravasation of memory intestinal T lymphocytes andfoansmission. The neomycine resistance gene present within the targeted
in the migration of CCR9 lymphocytes once they have crossed thehromosome was removed by crossing the resulting chimeric males to
vascular endothelium and entered the intestinal tissue. To examifieter micel® Germline transmission of the targeted allele was detected by
the spectrum of in vivo activities that are mediated by CCR9, V\ﬁguthern blot and polymerase chain reaction (PCR) using the following

_Aafim - . imers: 3-CATCCACACTGTGAGTGTTCA-3 (sense), 5GGCAT-
gener_ated CCR9-deficient mice and characterlze(_:i the effect of tﬁi,gnAACCTCAGAATGTT—S’ (antisense). The CCR9-deficient mice were
mutation on the development of the B- and T-cell lineages.

kept under specific pathogen-free conditions and backcrossed on a
C57BL/6 background.

Materials and methods RNase protection assay

For multiplex chemokine receptor transcript analysis, total cellular RNA
was isolated from thymi and spleens using TRIzol (Gibco-BRL Life
Two mouse CCR9 genomic clones were isolated from a 129/Ola genoriliechnologies, Paisley, United Kingdom), and analyzed by ribonuclease
phage library and used to determine the exon-intron organization of theotection assay using an mCR-5 RiboQuant custom mouse template set
CCR9 gene. In the targeting construct depicted in Figure 1A, a 2.4-kBD Pharmingen, Heidelberg, Germany), in which CCR9, CCR7, and
fragment that includes exon 3 of the CCR9 gene was replaced by a 1.4&8R6 templates were included. Briefl§P-labeled riboprobes were mixed
loxP-flanked neomycine resistance cassette. In the resulting construct, g 20 g of RNA, incubated at 56°C for 12 to 16 hours, and then treated
neomycine cassette is flanked by homologous arms of 2.9 kb and 3.2 Wlith a mixture of RNases A and T1 and proteinase K. RNase-protected
and abutted to a thymidine kinase (TK) expression cassette.StHe 32P-labeled RNA fragments were separated on denaturing polyacrylamide
linearized construct was electroporated into CK35 129 mouse embryogils and the intensity of the bands evaluated with a Fuji imaging plate system.
stem (ES) celld® Colonies resistant both to G418 (3Q@/mL) and to

gancyclovir (2 uM) were screened by southern blot for homologousiow cytometric analysis

recombination using'5and 3 single-copy probes. Usinigindlll-digested

DNA, the 5 probe detects an 8.5-kb recombinant fragment and a 10.5-kipw cytometric analyses were performed on mice between 4 weeks and 8
wild-type fragment, whereas ofEcoRI-digested DNA, the 3 probe weeks of age adescribed®All the antibodies used in this study were purchased
hybridizes to a 9.5-kb recombinant fragment and to a 13-kb wiId-tnyé‘_)m BD Pharmingen. Prior to their analysis, bone marrow B cells from

fragment. One recombinant ES clone (VC9) was found capable of germliféd-type, heterozygous, or CCR9-deficient mice were enriched by positive
selection using MACS mouse B220 microbeads (Miltenyi Biotech, Auburn,

CA). Thepurified cells were analyzed using 2- and 3-color flow cytometry for

Generation of CCR9-deficient mice

A 1kb the expression of B220, CD4, HSA, CD43, and CD25.
Exon2  Exon 3 - .
H RI H H H H Al Mice
' F——1+—-1—1 ' Tined matings of CCRO-deficient mi descbBef
5 probegl ST T T 3pobem imed matings o -deficient mice were set up as descPibgdefly,

CCR9-deficient males were left overnight with 3 CCR9-deficient females.
The next morning was termed day 0.5. Fetal thymi were analyzed between
day 14.5 and day 18.5 of gestation (referred to as E14.5, E18.5, etc.).

Chemotaxis assay

| n L y—7 | | | l iii
.I.I =a [ | Migration assays were performed in 24-well Transwell plates (Corning
Costar, Cambridge, MA) with sm pore polycarbonate filters. Thymo-
"; . &l Huﬁ' H! T I FE' iv cytes from wild-type and CCR9-deficient mice were resuspended at a
1 2 density of 18 cells/mL in RPMI containing 0.5% bovine serum albumin.

After incubation at 37°C for 1 hour, 100L of each cell suspension was
placed in the upper chamber, and §00of medium or of a given dilution

of recombinant mouse TECK/CCL25 (R&D Systems, Minneapolis, MN)
was placed in the lower chamber. After incubation for 4 hours at 37°C, the
upper chamber was removed, and the cells in the lower chamber were
resuspended and transferred to tubes. After centrifugation, cells were
resuspended in 10Q.L of medium containing phycoerythrin (PE)—
conjugated anti-CD4 and allophycocyanin (APC)—conjugated anti-CD8
monoclonal antibodies (mAbs). After staining, 30 of the suspension was
used for manual counting, and the remainder was counted and analyzed on a
FACSCalibur (Becton Dickinson Biosciences, Heidelberg, Germany).
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Figure 1. Generation and identification of CCR9-deficient mice. (A) Partial
restriction map of the wild-type CCR9 gene (i). £, exons 2 and 3. The restriction sites
are RI, EcoRl, and H, Hindlll. Targeting vector used for the deletion of exon 3 (ii). Two
diagnostic Hindlll and EcoRI restriction sites were introduced at each end of the
loxP-flanked neomycin resistance gene (neo). Open boxes correspond to the
thymidine kinase expression cassette (tk), to the loxP-flanked neomycin gene, and to
the pBluescript IIKS+ vector (pBS). Structure of the targeted allele following
homologous recombination (iii). Final structure of the targeted allele after removal of

Proliferation assay

Spleen cells were placed in 96-well flat-bottomed microtiter plates at A&
splenic T lymphocytes per well in 200L of culture medium. For anti-CD3

the neomycin resistance gene via cre-mediated recombination (iv). The 5" and 3’
single-copy probes used to verify the targeting events are indicated as M, and the
position of the primers used to monitor the germline transmission of the intented
mutation is indicated by arrows. (B) Southern blot analysis of the recombinant ES cell
clone VC9 that gave germline transmission prior to deletion of the neomycin
resistance gene. DNAwas digested with EcoRI and hybridized with the 3’ single-copy
probe. (C) DNA-PCR analysis of wild-type (+/+), neomycin-deleted heterozygous
(+/-), and neomycin-nondeleted heterozygous (+/neo) littermates using the pair of
primers shown in (A). After deletion of the neomycin resistance gene, the targeted
CCRQO allele gave an amplified PCR product of 330 bp. Amplified products were run
on an agarose gel and stained with ethidium bromide.

stimulation, serial dilutions of the 2C11 mAb were precoated overnight on
microtiter plates prior to the addition of spleen cells. Stimulations with
staphyloccocal enterotoxins and mitogens were performed using the following
final concentrations: staphyloccocal enterotoxin A (SEA; SERVA, Feinbio-
chemica, Heidelberg, Germany), 100 ng/mL; staphyloccocal enterotoxin B
(SEB; Toxin Technology, Sarasota, FL)ufy/mL; and Conamycin (Sigma, St
Louis, MO), 2.5png/mL. In each experiment, cells were also assayed for their
ability to respond to a combination of PMA (5 ng/mL, Sigma) and ionomycin
(250 ng/mL, Sigma). After 40 hours at 37°C, proliferation was assayed by
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Figure 2. Analysis of the chemokine receptor transcripts expressed in freshly
isolated thymocytes. Total RNA extracted from thymi and spleen from CCR9-
deficient and wild-type mice were analyzed by multiprobe ribonuclease protection
assay using a mCR-5 RiboQuant mouse template set (BD Pharmingen). The
autoradiogram shows the mCR-5—probe set not treated with RNases (lane 1), and
the RNase-protected bands following hybridization with control yeast tRNA (line 2)
with RNA isolated from CCR9-deficient (lane 3), or wild-type thymi (lane 4). Also
shown are the RNase-protected bands obtained after hybridization with RNA isolated
from CCR9-deficient spleens (lane 5), or wild-type spleens (lane 6). The identity of
the various protected bands is indicated on the left.

incorporation of {H] thymidine (0.037 MBq [1u.Ci)/well). After incubation for 8

hours at 37°C, cells were transferred onto glass fiber filters (Packard, Meriden,

CT) by an automated cell harvester and incorporatiorftdf {hymidine was
measured with a scintillation counter.

|IEL isolation and histologic studies

IELs from the small intestine were isolated as previously descffokedbrief,

Peyer patches were removed and, after flushing with phosphate-buffered saline g
(PBS), the gut was opened on a wet linen square. The mucosa was scraped with a g] f
scalpel, then dissociated by stirring in 50 mL of Medium 199 (Gibco-BRL Life
Technologies) containing 10% newborn calf serum and dithioerythritol (1 mM)
for 15 minutes at room temperature. After centrifugation, the pellet was
resuspended in PBS containing 10% newborn calf serum, vortexed for 3 minutes,
and rapidly passed through a glass wool column (1.6 g packed in a 20-mL
syringe; Fisher Bioblock Scientific, lllkirch, France). IELs were further purified o]
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Results
Generation of CCR9-deficient mice

Exon 3 of the CCR9 gene, encoding 362 of 369 amino acids, was

deleted through homologous recombination using the strategy

depicted in Figure 1A. Targeted ES cells were used to generate
mice that transmitted the intended mutation through the germline

(Figure 1C). Considering that many CC chemokine receptor genes
are clustered, and that the introduction of a neomycin resistance
cassette within a given gene cluster may inadvertently affect the

expression of contiguous genes, the neomycin cassette used to
select the recombinant ES cells was flanked with loxP sites and

subsequently deleted from the chromosome by crossing chimeric

males onto females of the Deleter strain (Figure 1C). Heterozygous

mutants with a deleted neomycin cassette were interbred to

generate homozygous mutant mice. The CCR9-deficient mice were
viable, fertile, and showed no gross morphologic or developmental

abnormalities.

Semiquantitative reverse transcriptase (RT)—PCR indicated that
the mRNA for CCR9 was absent from the thymus of CCR9-
deficient mice (data not shown). To document whether the lack of
CCR9 was compensated by up-regulation of other chemokine
receptors, a multiprobe RNase protection assay was used to analyze
the levels of transcripts of 9 chemokine receptors including CCR9
(Figure 2). CCRS9 transcripts were abundant in wild-type thymi,
reduced in CCR9-heterozygous thymocytes (data not shown), and
not detectable in CCR9-deficient thymocytes. Whereas most of the
analyzed CC chemokine receptor transcripts, except the ones
corresponding to CCR9, appeared expressed at similar levels in
CCRO9-deficient and wild-type thymi, transcripts corresponding to
CCR1b and CCR5 were consistently down-regulated in CCR9-
deficient thymocytes. However, this result, for which we do not
have any explanation, does not extend to CCR9-deficient splenic T
cells (Figure 2), and does not appear to detectably affect the
response of CCR9-deficient thymocytes to CCR1b and CCR5
ligands (data not shown).
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inghamshire, United Kingdom) and stained with mAbs for flow cytometric
analysis. For histologic studies, a 1-cm piece of small intestine, taken 3 cm befd@yre 3. T-cell development in CCR9-deficient mice.  Thymocytes from wild-type

the pylorus, was properly oriented on filter paper and fixed in Carnoy fluid for

fﬂd CCR9-deficient (CCR9~/~) mice were analyzed by 3-color flow cytometry for the

expression of CD4, CD8, and CD3. The percentage of cells found in each quadrant is

hours. Paraffin-embedded sections were prepared and stained with periodiciagichted, and the percentage of CD3"eh, and of CD3Meh plus CD3iMermediate thymo-

Schiff (PAS) and hematoxylin.

cytes indicated for the single-color histograms is shown in the lower panel.
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Figure 4. Chemotactic responses to TECK/CCL25.  Freshly isolated thymocytes
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lymphocytes that populate the secondary lymphoid organs were
functional, splenic T lymphocytes were stimulated using anti-CD3
mADb, the staphyloccocal enterotoxin superantigens SEA and SEB,
ConA, and PMA/ionomycin as a positive control. No detectable
differences were observed between CCR9-deficient and wild-type
cell populations (data not shown). These results suggest that
CCRO9-deficient peripheral@ T lymphocytes are fully capable of
responding via TCR triggering. Moreover, the ability of CCR9-
deficient cells to respond to SEA and SEB suggests that there is
probably no major bias in the TG repertoire that is exported to

from CCR9-deficient (CCR9~/~), CCR9-heterozygous (CCR9*/~) and wild-type mice the periphery of CCR9-deficient mice.

were placed in the upper chamber of a 24-well Transwell plate. Recombinant
TECK/CCL25 (200 nM) or culture medium, as a negative control, were placed in the
lower chamber. After 4 hours of incubation, cells in the lower chamber were counted
both manually and by flow cytometry.

T-cell development and fetal thymic ontogeny

Wild-type and CCR9-deficient thymocytes were stained with
mAbs specific for CD4, CD8, and CD3, and analyzed by 3-color
flow cytometry. Even though CCR9 is highly expressed at the DP
stage of T-cell development, lack of CCR9 affects neither the
percentage nor the cellularity of the various subpopulations defined
on the basis of CD4/CD8 expression (Figure 3). Moreover, there is
no detectable change in the level of T-cell receptor (TCR)/CD3
complex expressed at the cell surface of CCR9-deficient thymo-
cytes when compared to wild-type thymocytes. There was also no
detectable change iyb T cells, and in the expression of the CD25,
CD44, CD5, CD62L, and CD69 cell surface markers (data not
shown). Considering that T-cell maturation was not detectably
altered in CCR9-deficient mice, a chemotaxis assay was performed
to determine whether TECK/CCL25 was still able to induce the
migration of CCR9-deficient thymocytes via another chemokine
receptor. As shown in Figure 4, CCR9-deficient thymocytes were
unable to migrate to TECK/CCL25, unlike to wild-type thymo-
cytes. Note that the response to TECK/CCL25 is slightly impeded
in CCR9-heterozygous thymocytes and may reflect some gene
dosage effect. These results suggest that, in thymocytes, CCR9 is
the only physiologic receptor for TECK/CCL25 and that it is
dispensable for proper T-cell development. Given the absence of
detectable abnormal phenotypes when the thymi found in young
and adult CCR9-deficient mice were analyzed under steady-state
conditions, we analyzed next the kinetics of appearance of the first
DP cells during thymic fetal ontogeny. As shown in Figure 5A,
from embryonic day (E) 14.5 to E17.5, CCR9-deficient thymi
contained 3-fold fewer lymphoid cells than wild-type thymi. This
difference in cellularity is lost at E18.5 and in young and adult mice
(Figure 5A and data not shown). The differences in cellularity
noted at E16.5 between mutant and wild-type thymi correlate with
a marked reduction of the percentage of DP cells among CCR9-
deficient thymocytes (Figure 5B), resulting on day 16.5 in 15-to
20-fold fewer DP cells in the mutant thymus compared to the wild
type. Therefore, when analyzed under the dynamic conditions that
occur during thymic fetal ontogeny, the absence of CCR9 resulted
in a 1-day lag in the appearance of DP cells.

Peripheral T lymphocytes in CCR9-deficient mice

The size and cellularity of the spleen and lymph nodes found in
CCR9-deficient mice were comparable to those found in wild-type

mice. When TCRB" and TCRy3* lymphocytes were analyzed, Figure 5. Fetal thymic ontogeny in CCR9-deficient mice.
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(A) The number of

we noted consistent 2- to 3-fold higher percentages and absoﬁ\jwhoid cells found in CCR9-deficient (J) and wild-type (m) thymi are represented
at different ages of embryonic life. (B) CD4/CD8 staining profiles on total thymocytes

numbers of _TCR_8+ cells (_Flgure 6 n CCRg'deﬂC'ent mICe  fom wild-type and from CCR9-deficient mice at different ages of embryonic life. The
compared with wild-type mice. To determine whether &2 T  percentage of cells within each quadrant is indicated in the lower-right panel.
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Figure 6. Peripheral TCR «ff and TCR+®d cells in CCR9-deficient mice. Lympho-
cytes isolated from lymph nodes and spleens of CCR9-deficient and wild-type mice
were analyzed by 4-color flow cytometry. Two-color plots represent the TCRaf
versus TCRv3 staining observed on CD3-positive cells. The percentages of TCRaf3
and TCRv3 cells found in each organ are indicated.

Early B-cell differentiation in CCR9-deficient mice

In humans, CCR9 is expressed on a subset of COiipheral B
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differ from those of the thymo-dependent TR CD8ap* (or
CD4*) gut IEL subsets. Considering that, at least in humans, all
IELs express CCR%16 we expected that a large fraction of
IELs would be affected by the lack of CCR9. Wild-type and
CCR9-deficient small intestines were first subjected to compara-
tive histologic studies and the number of IELs counted and
normalized per epithelial cells (EC). The total IEL to EC ratio
was diminished 2-fold in CCR9-deficient mice compared with
wild-type mice (Figure 8A). Flow cytometry analysis of isolated
IELs showed that such a decrease in IEL cellularity was mainly
due to the presence of low numbers of T&R IELs (Figure 8B

and C). Based on these analyses, it can be calculated that the
absolute number of TC{B* IEL is 5-fold lower in CCR9-
deficient than in wild-type mice.

Discussion

Considering that CCR9 is highly expressed at the surface of DP
thymocytes and down-regulated on CD&P cells prior to their

exit from the thymus, it might have been anticipated that the
disruption of the CCR9 gene would have markedly affected
intrathymic T-cell development. Moreover, we showed that in adult
thymocytes, CCR9 is the only physiologic receptor for TECK/
CCL25. Despite this one-to-one relationship, CCR9 appears dispens-

lymphocytes? whereas in mice, bone marrow cells displaying able for proper T-cell development. During fetal thymic ontogeny,
pre-pro-B-cell phenotype and corresponding to both the Ate observed that in CCR9-deficient mice, the emergence of DP
(CD4"B220") and A2 (CD4B220") fractions (according to Hardy cells and of TCRxB™ cells was delayed by approximately a day
classificatio*24 migrate in response to TECK/CCL25, a capacity thatvthen compared with wild-type littermates. At E15.5, fetal thymi
is lost when they progress to later stages of develophieespite the are only made of DN cells. In this context, it remains to be
presence of normal numbers of mature B cells in the spleen and lymph

nodes of CCR9-deficient mice, we wondered whether TECK/CCL25-

responsive pre-pro-B cells were affected by the absence of CCR9. TA Wild-type CCR9+- CCR9"

focus on this minor B-cell compartment, bone marrow B cells were first
enriched using B220-coupled microbeads, and then subjected to 2-color
flow cytometric analysis using the combination of cell surface markers
specified in Figure 7A. The percentage of CB220* B cels  ©D4
corresponding to fraction Al is less in CCR9-deficient mice (1.2%) than

in wild-type mice (4.2%). This percentage is also slightly lower in
heterozygous animals (3.5%) than in wild-type mice. Moreover,
B220fCD43"HSA '~ pre-pro-B cells corresponding to fractions Al

and A2 represent only 3.3% in CCR9-deficient mice compared with
7.3% in wild-type mice. Considering that mutant and wild-type bone
marrow samples yielded almost the same number of B220s, the HSA
differences in percentage we observed are likely to reflect differences

in absolute cell number. These results indicate that lack of CCR9
specifically affects the CD4B220" B cells corresponding to fraction

Al. As shown in Figure 7B, the percentage of more mature bone
marrow pro-B B220CD43"CD25  cells or of bone marrow pre-B
B220"CD43 CD25" cells are unaffected in mutant mice. Thus, the
lack of CCR9 results in 3-fold fewer pre-pro-B cells than in wild type,

but, as in fetal thymus, some homeostatic adjustment appears to occP25
subsequent to this developmental step.

|IEL populations in CCR9-deficient mice

In normal mice, the CD8BIELs found in the small intestine can

bk

k!

CD43
Figure 7. B-cell development in CCR9-deficient mice. (A) Two-color plots show

»
»

be subdivided into TCRB+ cells that express either CD4 Or'the CD4/B220 and HSA/CD43 profiles found on B220-enriched bone marrow B cells
CD8uaB molecules, and into TC&B* or TCRyd" cells that from CCR9-deficient, CCR9-heterozygous, and wild-type mice. Also shown is the

coexpress CD8x homodimers. Both latter subsets of IEL

§aercentage of CD47B220* and CD43*HAS™ B cells. (B) Two-color plots show the
.CD43/CD25 profile of B220-enriched bone marrow B cells from CCR9-deficient,

appear Capable of dlfferem'atmg in part via an eXtrathym|€CR9—heterozygous, and wild-type mice. Numbers indicate the percentage of cells

pathway and to follow rules of TCR repertoire selection thadithin this quadrant.
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Figure 8. Gut IELs in CCR9-deficient mice.  (A) Analysis of tissue sections allowed
us to determine the number of total IELs and to normalize the number to 100 epithelial
cells.?? (B) Comparison of the various CD3* IEL subsets found in CCR9-deficient and
in wild-type mice. IELs were labeled with the specified combination of antibodies and
analyzed by flow cytometry. (C) IELs from CCR9-deficient or wild-type mice were
analyzed by 2-color flow cytometry for the expression of TCRS versus CD3. The
percentage of TCRvy3 " cells is indicated.
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antisera specific for CCR9 and showed that the pattern of expres-
sion of CCR9 protein is largely consistent with previous analyses
of the tissue distribution of CCR9 transcripts. They further showed
that the expression of CCR9 persists at low levels on the'CER
found in the thymus and in the spleen, whereas it is absent orf CD4
SP thymocytes. Consistent with this observation, we noted that the
CD8* SP found in the thymus and the periphery of CCR9-deficient
mice lose their ability to respond to TECK/CCL25 when analyzed
in in vitro chemotactic assays (data not shown). Therefore, our
results suggest that, at least on thymocytes and *CBB cells,
CCR9 is the only physiologic ligand for TECK/CCL25.

In the periphery, the absence of CCR9 resulted in a 2- to 3-fold
increase in the number of TGR" cells present in lymph nodes and
spleen, and in a 3- to 5-fold decrease in the number of small intestine
TCRy3" IELs. To date, TCR™" cells have not been formally shown to
express CCR9. However, the fact that all human small intestine IELs are
intensely stained with an anti-CCR9 monoclonal antibodirongly
suggests that TCR™ cells are indeed CCR9 In this context, it is
tempting to speculate that the increase in F&Rcells found in the
spleen and lymph nodes of CCR9-deficient mice may correlate with
their impaired ability to migrate to the intestinal mucosal epithelium.
However, the moderately abnormal phenotypes noted both in secondary
lymphoid organs and the small intestine of CCR9-deficient mice suggest
that some substantial functional redundancy may exist with other
chemokine receptors. Along this line, it is important to note that the
chemokine receptor CCR11, primarily expressed in heart, lung and,
more relevant for the present study, small intestine, has recently been
found capable of binding to several chemokines including TECK/
CCL2526-28 Finally, because our CCR9-deficient mice have been kept
in specific pathogen-free conditions, it is not known whether these mice
exhibit an increased susceptibility to enteric pathogens. Furthermore, it
remains to be established whether the absence of CCR9 might influence
inflammatory bowel disease conditions.
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