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Background: CCL19 ligand controls signaling events in T cells.
Results: CCL19 promotes up-regulation of ERK5 to regulate KLF-2, which leads to expression of EDG-1.
Conclusion: CCL19 stimulation of naïve T cells regulates expression of ERK5, KLF-2, and EDG-1.
Significance:CCL19 links the control of expression of EDG-1 in naïve T cells that mediate T cell entry to, and exit from, lymph
nodes.

T lymphocytes circulate between the blood, tissues, and
lymph. These T cells carry out immune functions, using the C-C
chemokine receptor 7 (CCR7) and its cognate ligands, CCL19
and CCL21, to enter and travel through the lymph nodes. Dis-
tinct roles for each ligand in regulatingT lymphocyte trafficking
have remained elusive. We report that in the human T cell line
HuT78 and in primary murine T lymphocytes, signaling from
CCR7/CCL19 leads to increased expression and phosphoryla-
tion of extracellular signal-regulated kinase 5 (ERK5) within
eight hours of stimulation. Within 48–72 h we observed peak
levels of endothelial differentiation gene 1 (EDG-1), which
mediates the egress of T lymphocytes from lymph nodes. The
increased expression of EDG-1 was preceded by up-regulation
of its transcription factor, Krüppel-like factor 2 (KLF-2). To
determine the cellular effect of disrupting ERK5 signaling from
CCR7, we examined the migration of ERK5flox/flox/Lck-Cre
murine T cells to EDG-1 ligands. While CCL19-stimulated
ERK5flox/flox naïve T cells showed increasedmigration to EDG-1
ligands at 48 h, the migration of ERK5flox/flox/Lck-Cre T cells
remained at a basal level. Accordingly, we define a novel signal-
ing pathway that controls EDG-1 up-regulation following stim-
ulation of T cells by CCR7/CCL19. This is the first report to link
the two signaling events that control migration through the
lymph nodes: CCR7 mediates entry into the lymph nodes and
EDG-1 signaling controls their subsequent exit.

During homeostasis, naïve T lymphocytes travel through the
circulation and enter the lymph nodes via high endothelial
venules (HEV)3 (1). C-C chemokine receptor 7 (CCR7)-ex-

pressing naïve T lymphocytes respond to two different ligands,
CCL19 and CCL21. CCL21 is expressed along the HEV, and
promotes migration of naïve T cells into the lymph nodes from
peripheral tissues (2, 3). Stromal cells within the T zone express
both CCL19 and CCL21, while CCL19 is also expressed on
mature dendritic cells (4–6). Although both ligands are found
in the lymph nodes, physiologically distinct roles for each of the
ligands remainmostly undefined. Recent studies by our labora-
tory and others, however, have revealed that T lymphocytes
respond differentially to CCL19 and CCL21 (7–10).
Studies to define physiological roles for CCL19 and CCL21

have been carried out in paucity of lymph node T lymphocyte
(plt) mice, a spontaneous mutant that lacks functional CCL19
and CCL21 (3, 11, 12). Because pltmice lack expression of both
CCR7 ligands, the specific, individual contribution of CCL19 or
CCL21 are unknown. As expected, the phenotype of the plt
mouse is similar to that of the CCR7�/� mouse (13). Further
efforts to define individual roles for CCR7 ligands have used
ectopically expressed CCL19 or CCL21 and have revealed that
CCL21 promotes lympho-neogenesis more efficiently than
CCL19 (2, 8).More recently it was observed that the CCL19�/�

mice, in which the CCL19 locus has been homozygously
deleted, had no distinct phenotype. However adoptive transfer
of wild type CD4� T cells into the CCL19�/� strain showed a
delayed clearance from peripheral lymph nodes when com-
pared with the behavior of the same cells in the corresponding
wild type strain (14). Similarly, mice treated with the CCL19-
specific antagonist ELC8–83 showed a significant increase in the
number of T cells present in the lymph nodes, compared with
vehicle treated controls (15). Both of these studies associate a
loss of CCR7 signaling through CCL19 to T lymphocyte reten-
tion in the lymph nodes. However, because CCR7 is thought to
promote lymph node entry, it remains unclear how CCR7 con-
tributes to the length of time it takes for a T cell to travel
through the lymph nodes.
T lymphocytes exit the lymph nodes via the endothelial

differentiation gene 1 (EDG-1, also known as sphingosine-1-
phosphate receptor 1 [S1P1]), a receptor for sphingosine
1-phosphate (S1P) (16). During this process, the T lymphocytes
down-regulate CCR7, as evidenced by their reduced ability to
migrate to CCL21 (16, 17). We, along with other groups, have
shown that CCR7 shows a more efficient internalization in
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response to CCL19 found on the surface of activated dendritic
cells, than to CCL21, which lines lymph nodes and mediates
attraction ofT cells to the lymphnodes (7, 10). Interestingly, the
mean level of EDG-1 expressed on the surface is lower in the
CCR7�/� T cells than on wild type, whichmay implicate CCR7
in the up-regulation of EDG-1 (17). In T lymphocytes, Krüppel-
like factor 2 (KLF-2) is required for the expression of EDG-1
(18). Yet, what role CCR7 stimulation may have in regulating
the levels of KLF-2 expressed is unknown. It remains unclear,
then, whether CCR7 could be involved in regulating the egress
of cells from the lymph nodes by controlling the expression of
EDG-1.
In this study, we use the HuT78 human T lymphocyte cell

line, and primary murine T lymphocytes, to examine the con-
tributions of CCL19 in the regulation of EDG-1 expression. In
the HuT78 line, we found that CCL19-activated CCR7 led to
increased expression of KLF-2 and an increase in cell migration
to EDG-1. Because extracellular signal-regulated kinase 5
(ERK5) has been implicated in the regulation of KLF-2, we
examined themigration of ERK5flox/flox/Lck-Cre cells following
stimulation with CCL19, and found that these cells no longer
responded to sphingosine 1-phosphate.
Activated dendritic cells are a likely source for CCL19 in the

lymph nodes (8). In our studies, we used small hairpin RNA
(shRNA) to selectively knock down the expression of CCL19 in
dendritic cells, which allowed us to determine the extent to
which CCL19 mediated the recruitment of naïve T lympho-
cytes. We found that, in the absence of CCL19, mature ovalbu-
min-primed dendritic cells failed to form conjugates with
ovalbumin-specific T lymphocytes in vitro. Taken together, our
studies define a novel pathway in which CCL19 controls T cell
regulation of EDG-1 expression.

EXPERIMENTAL PROCEDURES

Cell Lines and Mice—The HuT78 human T lymphocyte line
was purchased from ATCC and maintained in complete media
(RPMI 1640 (Sigma)/10% heat-inactivated fetal bovine serum
(FBS) (Hyclone)/2 mM L-glutamine (Invitrogen)) in a humidi-
fied atmosphere at 37 °C and 5% CO2. B6.129P2(C)-
CCR7tm1Rfor/mice and C57BL/6 mice were purchased from
Jackson Labs. ERK5flox/flox/Lck-Cre mice were generated by
crossing ERK5flox/flox mice (a generous gift from Dr. Cathy
Tournier (19)) with Lck-Cre (Jackson labs 003802 (20)). Geno-
types were verified by PCR. Isolated T splenocytes were main-
tained for up to 1 week in splenocyte media (RPMI 1640
(Sigma), 10% heat-inactivated FBS, 2 mM L-glutamine (Invitro-
gen), 50 �M �-mercaptoethanol (Fisher), 20 units/ml IL-2, 100
units/ml penicillin/100 �g/ml streptomycin).
Chemotaxis Assays—Chemotaxis assays were carried out as

described (7). Briefly, HuT78 were grown in the presence of 40
nMCCL19 (R&D), CCL21 (R&D), or an equal volume of vehicle
(phosphate-buffered saline (PBS)) for 0, 24, 48, 72, and 96 h.
Following the preincubation, for the EDG-1 migration assays,
50,000 cells were placed in the topwell of a Neuro Probemigra-
tion chamber and allowed to migrate to 10 nM sphingosine
1-phosphate across a 5 �m membrane (Neuro Probe, Inc.) at
37 °C in a 5% CO2 humidified environment for 2 h (Sigma) in
serum-free RPMI 1640medium in a 48-well chemotaxis cham-

ber. Cells in the bottom chamber were counted by hemacytom-
eter. Assays were performed in duplicate and replicated three
times.
Dendritic Cell/T Lymphocyte Conjugates—Bonemarrow-de-

rived dendritic cells were generated from C57BL/6 wild type
mice as described (21). Briefly, bone marrow was isolated from
C57BL/6wild typemice. 2� 106 bonemarrow cells were plated
on 100 mm bacterial Petri dishes and cultured in 10 ml of DC
media (RPMI 1640, 10% heat-inactivated FBS, 100 �g/ml pen-
icillin-streptomycin, 50 �M �-mercaptoethanol, 20 ng/ml
murine granulocyte macrophage colony stimulating factor
(GM-CSF) (R&D), and 2 nM L-glutamine) (Day 1). At 48 h (Day
3), 10 ml of fresh DCmedia was added to each dish. At 3–4 day
intervals, 10ml of supernatant/cells was removed, cells isolated
by centrifugation (90 � g) and resuspended with fresh DC
medium. On day 9, non-adherent dendritic cells were collected
and nucleofected using the Amaxa DC Nucleofection kit,
Nuclefector II, and program Y-001 (Amaxa) with murine
CCL19 shRNA (Origene). 106 nucleofected cells were plated
into each well of a 12-well dish and allowed to proliferate for
48 h in DC media. On day 11, immature dendritic cells were
labeled with (5 �M) 5(and 6)-carboxyfluorescein diacetate,
succinimidyl ester (CFSE) for 10 min, or 10 �M 5 (and 6)-
(((4-chloromethyl)benzoyl)amino) tetramethyl-rhodamine
(CMTMR) for 30 min at 37 °C, washed 3� in PBS/2%FBS,
primed with 50 �g/ml ovalbumin, andmatured with 100 ng/ml
TNF�. T lymphocytes were isolated fromOT-I/RAG1 (C57BL/
6-Tg[OT-I]-RAG1tm1Mom) spleens and purified by negative
selection (EasySep). Purified T lymphocytes were labeled with
10�MCMTMR (whenDCswere labeled with CSFE) for 10min
at 37 °C, or 5 �MCSFE (when DCs were labeled with CMTMR)
for 30 min at 37 °C, rinsed 3� in PBS/2%FBS and plated in the
well with ovalubumin-primed, labeled mature dendritic cells.
Cells were allowed to form conjugates for 2 h, fixed, unbound
cells removed by a PBS rinse and conjugates counted per 100
dendritic cells.
Western Blots—As described (22). Briefly, cells were lysed in

radio immunoprecipitation assay buffer (RIPA) (100 mM Tris
pH 8.0, 300 mM NaCl, 2% Nonidet P40, 1% sodium deoxy-
cholate, 0.2% SDS) supplemented with protease inhibitor
mixture (Sigma), 1 mM sodium orthovanadate, 1 mM sodium
pyrophosphate, 10 mM sodium fluoride (Sigma) and 1 mM

�-glycerophosphate (Sigma). Lysates were centrifuged for 20
min following homogenization. 5 � 105 cell equivalents were
solubilized in sample bufferwith 10mMdithiothreitol, fraction-
ated by SDS-PAGE and transferred to PVDF membranes.
Membranes were incubated in 5%milk/Tris buffered saline (50
mM Tris-HCl pH37.5, 150 mM NaCl) 0.1% Tween-20 (TBST)
and probed with anti-ERK5 (Cell Signaling Technologies
or Upstate), anti-�-tubulin (Cell Signaling Technolo-
gies), anti-�-actin (Cell Signaling Technologies), anti-KLF-2
(CeMines) or anti-MIP3� (AbCam). To detect phospho-ERK5,
membranes were incubated in 3% bovine serum albumin
(Sigma A3058) and probed with anti-phosphoERK5 (Upstate).
Secondary antibodies, used at a dilution of 1:10,000, included
horseradish peroxidase (HRP) conjugated rabbit anti-goat IgG
(Jackson ImmunoResearch) andHRP conjugated goat anti-rab-
bit IgG (Pierce). Immune complexes were developed with che-

CCL19 Controls Lymphocyte Expression of EDG-1

APRIL 6, 2012 • VOLUME 287 • NUMBER 15 JOURNAL OF BIOLOGICAL CHEMISTRY 11657



milluminescence Supersignal West Femto (Pierce) on X-MAT
film and quantified with a Fuji LAS-4000. Membranes were
stripped using Blotfresh (SignaGen) stripping buffer for 15min,
rinsed a minimum of three times in TBST (until no residual
smell remained), blocked, and re-probed.
Reverse Transcriptase-PCR—Total RNA was extracted from

Hut78 cells or splenocytes using TRIzol (Invitrogen). cDNA
was prepared as follows: 50 ng of random primers (Invitrogen),
5 �g of RNA, 0.25 mM dNTP (TakaRa) and ddH2O, and were
heated to 65 °C for 5 min, then chilled on ice. 5X First Strand
Buffer (Invitrogen) was added to the mixture and adjusted to
1� in the presence of 5 mM DTT (Invitrogen), and 40 units of
RNasin (Promega). The reaction was incubated at 25 °C for 2
min, and 200 units of SuperScript IITM RT (Invitrogen) was
added. The cDNA was primed at 25 °C for 10 min, and then
extended by incubating at 42 °C for 50 min. Super Script IITM
RT was inactivated by heating to 70 °C for 15 min. To assay for
expression, PCR was carried out by addition of Green Go Taq
flexi buffer (Promega), 1.5 mM MgCl2 (Invitrogen), 0.25 mM

dNTP (TakaRa), 1Unit TaqDNA polymerase (Invitrogen),
cDNA, H2O, and mRNA specific primers. Primers used:
murine EDG-1 and murine �-actin forward: 5�-ATGAC-
GATATCGCTGCGCTG-3� reverse: 5�-AGTAACAGTCCG-
CCTAGAAG-3� (16). PCR products were resolved on a 2% aga-
rose gel containing ethidium bromide. Products were amplified
30 cycles using a thermocycler. EDG-1 and �-actin yielded
products of the predicted size.
Immunofluorescent Imaging—HuT78 or wild type T cells

were incubated � 10 nM CCL19 for 72 h at 37C in a humidified
incubator/5%CO2. At the end of the incubation cells were fixed
in 2% PFA(EM Sciences)/1� PBS (Cellgro) for 15 min at room
temperature, and permeabilized (0.1%Nonidet P-40 in 1� PBS
(Cellgro)) for 15min at room temperature. Cells were diluted in
1� PBS, pelleted at 300� g, thenwashed twomore times in 1�
PBS. Cells were stained with goat anti-CCR7 (Santa Cruz
sc-9700) and mouse anti-human EDG-1 (Santa Cruz sc-48356)
for 1 h at room temperature. Cells were rinsed twice in 0.1%
Nonidet P-40/1� PBS with a final rinse in 1� PBS. Cells were
plated on glass slides in a drop of Prolong Gold with DAPI and
allowed to cure overnight before imaging. Cells were imaged
using Metamorph imaging program.
FACS Assays—HuT78 cells were incubated � 10 nM CCL19

for 96 h. During this period, CCL19 was added to individual
dishes at timed intervals as follows: 96 h was added on day 0,
72 h was added on day 1, 48 h was added on day 2, and 24 h was
added on day 3. Cells were collected on day 4, pelleted by cen-
trifugation at 90 � g for 10 min, rinsed in 1� PBS/2% BSA, and
incubated in APC conjugated anti-human EDG-1 (R&D) on ice
for 1 h permanufacturer’s instructions. Cells were rinsed 2� in
1� PBS/2% BSA, resuspended in PBS and assayed by FACS.
Mean channel fluorescence intensities were measured.

RESULTS

CCL19 Expression by Activated Dendritic Cells Mediates
Recruitment of Naïve T Lymphocytes—During their residence
within the lymph nodes, T cells form contacts with activated
dendritic cells. We hypothesized that T cells would migrate to,
and form adhesionswith, dendritic cells, in response to the high

levels of CCL19 expressed by the activated dendritic cells (Fig.
1). To examine the contribution of activated dendritic cell
CCL19 to the recruitment of naïve T lymphocyteswe used an in
vitro conjugate assay. CD11c� bonemarrow-derived dendritic
cells (Fig. 1A), loaded with ovalbumin andmatured in the pres-
ence of tumor necrosis factor � (TNF�), were incubated with
purified OTI cells for 2 h. The OTI CD8�T cells express a
transgenic T lymphocyte receptor (TCR), which is specific for
the ovalbumin receptor. Under these conditions, we found that
�20% of the T cells formed conjugates with antigen primed,
activated dendritic cells transfectedwith control shRNA (Fig. 1,
B and C). In contrast, in the presence of two different CCL19
shRNAs, levels of CCL19 were knocked down when compared
with controls (Fig. 1D). Using different plasmid combinations,
we found that the number of conjugates was significantly
reduced for combinations 452 (e.g. plasmids 64, 65, and 62
(0.0125/cell)) and 234 (0.0313/cell) (Fig. 1). We concluded that
CCL19 expressed by dendritic cells promotes conjugates
between naïve T lymphocytes and activated dendritic cells.
Sustained CCL19 Activation of T Cells Leads to EDG-1

Expression—During an adaptive immune response, naïve T
cells bind to cognate antigen on activated dendritic cells for
48–72 h before detaching and beginning to divide (23, 24). Fol-
lowing activation, the T cells exit the lymph nodes via up-reg-
ulation of the EDG-1 receptor (16). Therefore, to determine if
CCR7 adhesion to dendritic cells in response to CCL19 for 48
and 72 h led to up-regulation of EDG-1, we co-incubated the
HuT78 cells in the presence of CCL19 or CCL21 for up to 72 h.
To determine if the EDG-1 expressed by the T cells could pro-
mote migration to sphingosine 1-phosphate, we used a migra-
tion assay (Fig. 2). Following incubation with ligand, HuT78
cells were induced to migrate in response to 10 nM sphingosine
1-phosphate.We found that CCL19, but not CCL21, promoted
increased migration to EDG-1. Cells stimulated with PBS
showedno increase inmigration comparedwith untreated con-
trols (data not shown). Because multiple G-protein coupled
receptors can bind to sphingosine 1-phosphate, we confirmed
that the EDG-1 receptorwas expressed on theCCL19-activated
HuT78 through the use of RT-PCR, immunofluorescence
microscopy and FACS (Fig. 2). We found that following pro-
longed stimulation with CCL19, T cells lost surface expression
of CCR7, which correlated with a significant up-regulation in
the levels of EDG-1 expressed on the surface. From these stud-
ies we concluded that CCR7 stimulation by CCL19 for 48 to
72 h led to up-regulation of EDG-1.
KLF-2 Is Up-regulated in Response to CCL19 Stimulation of

CCR7—Expression of EDG-1 in T lymphocytes is regulated by
the transcription factor KLF-2 (18). Therefore, we used West-
ern blots to determine if KLF-2was up-regulated inHuT78 cells
in the presence of CCR7/CCL19 (Fig. 3A). We found that fol-
lowing stimulation with CCL19, KLF-2 levels increased during
the first 48 h and started to decrease at 72 h. This increased level
of KLF-2 expression preceded the increased expression of
EDG-1. In contrast, signaling through CCL21 mediated only a
rapid, but transient, increase in KLF-2. To confirm that this
signaling pathway was active in primary T lymphocytes, we
stimulated splenic T lymphocytes with CCL19 or CCL21 (Fig.
3B) in culture for 24, 48, 72, or 96 h. As determined byWestern
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blot, expression of KLF-2 increased in primary T lymphocytes
following exposure to CCL19, but not in response to CCL21.
Because in T lymphocytes KLF-2 is a transcription factor that is
required for the expression of EDG-1 (18), we concluded that
CCL19 mediated CCR7 signaling mediates increased expres-
sion of KLF-2.
Activation of CCR7 via CCL19 Leads to Phosphorylation of

ERK5—In the Erk5�/� embryonic lethal mouse it was deter-
mined that ERK5 regulated the expression of KLF-2; however,
no effect has been observed on the regulation of T lymphocytes
(19, 25). Activation of ERK5 can parallel activation of ERK1/2
(26, 27). In addition, in heterologous systems, CCL19 induced a
4-fold increase in activation of ERK1/2 when compared with
ERK1/2 phosphorylation levels induced by CCL21 (28). To
determine if CCL19 preferentially activated ERK1/2 in T lym-
phocytes, we compared activation of HuT78 by CCL19 to acti-
vation by CCL21 (Fig. 4A). We observed a transient increase in
the phosphorylation of ERK1/2 in the presence of CCL19. In
the presence of CCL21 we observed a reduction of ERK1/2
phosphorylation when compared with unstimulated cells. We
used mouse splenic T lymphocytes to confirm the signaling

event in primary cells (Fig. 4B). We found that, while CCL21
failed tomediate sustained ERK1/2 phosphorylation in primary
murine T lymphocytes or in the HuT78 cell line, CCL19 medi-
ated activation of ERK1/2 within 5 min of stimulation. Because
in both HuT78 and primary T cells the phosphorylation of
ERK1/2 was reduced to levels below our detection after 5 min,
we concluded that ERK1/2 did not contribute to signaling over
the extended times of 48 and 72 h, which were required to
induce EDG-1 expression. In addition, although at early time
points ERK1/2 was phosphorylated, we were unable to detect
phosphorylation of ERK5, a transcription factor required for
expression of KLF-2, during this interval (data not shown). To
determine if ERK5 was involved in upregulating EDG-1 follow-
ing activation of T lymphocytes by CCL19, we stimulated T
lymphocytes with CCL19 and evaluated the expression and
phosphorylation of ERK5. Up-regulation of KLF-2 and EDG-1
takes place between 2 and 4 days. Therefore, we examined the
phosphorylation of ERK5 in the presence of CCL19 over 96 h in
both primary T lymphocytes and the HuT78 cells. After 48 h of
stimulation with CCL19, we observed an increase in ERK5
phosphorylation, which wasmaintained throughout the 96 h of

FIGURE 1. Loss of CCL19 expression in dendritic cells blocks T cells from forming conjugates with dendritic cells in vitro. A, bone marrow-derived
dendritic cells (DC) generated from C57BL/6 mice, stained with an isotype control or CD11c antibodies were analyzed by flow cytometry. B, DC that lack CCL19
expression fails to form conjugates with OTI T cells. DC were transfected with control, 234 (CCL19), or 452(CCL19) shRNA, and 72 h later loaded with ovalbumin
during maturation. Cells were incubated with OTI T cells for 2 h. Cell were rinsed, fixed in paraformaldehyde, and the number of conjugates formed per 100 cells
counted. Error bars are mean � S.E. *, p � 0.0313 for 234, and **, p � 0125 for 452 Student’s t test versus control. C, representative image of CMTMR-labeled OVA
loaded, TNF-� matured DCs forming conjugates with CSFE-labeled OTI T cells. D, RT-PCR of 5 �g of mRNA isolated from DC transfected with control, or
452(CCL19) shRNA plasmids. Data are representative of three independent experiments.
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stimulation (Fig. 5A). ERK5 was also phosphorylated in cells
treated with CCL21, but to a lesser extent. In both HuT78 and
primary T lymphocytes we also observed that ERK5 protein
levels increased in parallel with the phosphorylation. We con-
cluded that in T lymphocytes, CCL19 differentially mediates
increased expression and phosphorylation of ERK5.
CCL19 Promotes Redistribution of ERK5—ERK5 can be

found in both the nucleus and the cytoplasm (29), however the
functional significance of the movement into the nucleus is
unclear. To determine if CCR7 stimulation of primary T cells
promoted translocation of phosphorylated ERK5 (pERK5), we
used immunofluorescence microscopy. At 0 h pERK5 was
found predominantly in the nucleus. At 72 h following stimu-
lation with CCL19, we found that pERK5 was present in the
cytoplasm in significantlymore cells, when comparedwith cells
that had not been treated with CCL19 (p � 0.0044) (Fig. 5C).
From this result we concluded that stimulation of T cells with
CCL19 promotes movement of pERK5 from the nucleus to the
cytoplasm.

FIGURE 2. CCL19 stimulation of HuT78 T cells induces expression of EDG-1 and migration to 10 nM sphingosine 1-phosphate. A, HuT78 cells migrate to
10 nM sphingosine 1-phosphate after 48 and 72 h of stimulation with 40 nM CCL19 but not CCL21. B, histogram of mRNA levels isolated from cells treated with
40 nM CCL19 or CCL21. mRNA was reverse transcribed and amplifed for EDG-1 and actin. EDG-1 levels were normalized to actin. C, HuT78 cells were incubated
in the presence of 10 nM CCL19 for 72 h, stained for EDG-1 and counterstained with DyeLight 488-anti mouse and stained for CCR7 and counterstained with
Texas Red anti-goat, and imaged. D, HuT78 cells were incubated in the presence of 10 nM CCL19 or CCL21 for the indicated times, stained with APC-anti-human
EDG-1 and assayed by FACS. Data are representative of at least three independent experiments. Error bars are means � S.E. *, p � 0.0011 for 0 h versus CCL19
for 72 h (72–19) Student’s paired t test for EDG-1 protein levels.

FIGURE 3. Stimulation of HuT78 T cells and murine primary T cells with CCL19 mediates up-regulation of KLF-2. A, HuT78 and B, primary T cells were
stimulated with 40 nM CCL19 or CCL21 for the indicated times. Cell lysates were fractionated by SDS-PAGE, transferred to PVDF, and probed for KLF-2.
A, membranes were stripped and reprobed for tubulin or B, a nonspecific band was used as a loading reference. Blots are representative of at least three
independent experiments.

FIGURE 4. Stimulation of HuT78 human T cells and murine primary T cells
with CCL19, but not CCL21 leads to phosphorylation of ERK1/2. A, HuT78
or B, C57BL/6 primary T cells were stimulated with 40 nM CCL19 or 40 nM

CCL21 for A, 0.5, 1, 2.5, and 5 min or B, 0, 5, 15, 30, 60, and 120 min. Cell lysates
were fractionated by SDS-PAGE, transferred to PVDF and probed for phos-
pho-ERK1/2. The membranes were stripped and reprobed for total ERK1/2.
Blots are representative of at least three independent experiments.
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Migration to Sphingosine 1-Phosphate Is Lost in ERK5f/f/Lck-
Cre Cells—To determine a physiological significance for ERK5
in regulating chemotaxis of T cells to sphingosine 1-phosphate
we used migration assays. To this end we compared migra-
tion of ERK5flox/flox T cells to ERK5flox/flox/Lck-Cre T cells.
We found that ERK5flox/flox T cells migrated to sphingosine
1-phosphate at levels similar to the wild type cells, while the
ERK5flox/flox/Lck-Cre T cells failed to migrate. These results
suggested that T cells are unable to up-regulate EDG-1 in the
absence of ERK5.

DISCUSSION

Circulating T cells express high levels of EDG-1 prior to
entering lymph nodes (16). Twenty-four hours after entering
the lymph node and encountering cognate ligands, the T cells
lose their ability to migrate toward sphingosine 1-phosphate;
the ability to migrate to sphingosine 1-phosphate is restored
within 72 h of lymph node entry. In this study, we have found
that expression levels of KLF-2 are up-regulated in response to
stimulation of CCR7/CCL19 but not CCR7/CCL21. In addi-
tion, CCR7/CCL19 activation leads to changes in the expres-
sion levels and phosphorylation state of ERK5, and the levels of
KLF-2 expressed are increased (Figs. 3 and 5).
CCR7 is involved in regulating egress of T cells from lymph

nodes. In one study usingCCR7�/� cells in an adoptive transfer
assay, it was shown that CCR7�/� T cells leave lymph nodes
more rapidly than wild type CCR7�/� cells that have been co-
injected into the samemouse (17). Given our observation thatT
cells use CCR7 to mediate conjugates with activated dendritic

cells, this is may not be surprising. In these mice the adoptively
transferred cells were found near the high endothelial venules
but not deep within the T zone. In this case, the cells would not
bind to activated dendritic cells and it is likely that the T cells
would exit the lymph nodes more rapidly than their wild type
cohorts. In contrast, transgenic overexpression of CCR7 in T
cells resulted in retention within the lymph nodes compared
with control cells (13, 17), which could be due to prolonged
adhesion to dendritic cells. We have observed that, in the pres-
ence of CCL19, CCR7 is lost from the surface and EDG-1 is
up-regulated. Furthermore, it is not surprising that cells, which

FIGURE 5. The HuT78 cells and primary T cells induce increased levels of ERK5 expression and phosphorylation following activation with CCL19.
A, HuT78 and B, C57BL/6 primary T cells were stimulated in vitro for the indicated time courses with 40 nM CCL19 or CCL21. Cell lysates were fractionated by
SDS-PAGE, transferred to PVDF and probed for phospho-ERK5. The membranes were stripped and reprobed for total-ERK5 and for A, tubulin or B, actin as a
loading control. Blots are representative of at least three independent experiments. C, histogram of cells scored for pERK5 in the nucleus or cytoplasm. At least
30 cells were counted per group. Histograms are means � S.E. Significantly more T cells stained for pERK5 in the nucleus, in the absence of CCL19 when
compared with cells stimulated for 72 h (p � 0.0044). D, metamorph images of wild type primary T cells � 10 nM CCL19 at 72 h stained for phospho-ERK5 (Texas
Red) and DNA (DAPI).

FIGURE 6. T cells isolated from Erk5flox/flox/Lck-Cre mice fail to migrate to
S1P following exposure to CCL19. Primary T cells were isolated from
Erk5flox/flox/Lck-Cre, or Erk5flox/flox mouse spleens and stimulated in vitro with
40 nM CCL19 for 0 –72 h. Cells were allowed to migrate to 10 nM sphingosine
1-phosphate or vehicle control (methanol) for 90 min and counted. The graph
is representative of three independent experiments. Histograms are means of
the number of cells migrated � S.E.
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overexpress CCR7 fail to properly internalize CCR7, and
remove it from the surface, which keeps the T cell from leaving
the lymph nodes. Therefore, we examined the signaling events
that are mediated by CCR7, following activation by its ligands,
that could regulate the timing of lymph node egress.
Our results are further supported by reports in which T lym-

phocytes, adoptively transferred to a CCL19�/� mouse, failed
to exit the lymph nodes at the same rate as T lymphocytes
injected into a wild-type mouse at the same time (14). In this
model, cells are able to enter the lymph nodes, via high endo-
thelial venules, which are a source of CCL21. In this study,
however, the authors did not mention a connection between
CCL19 signaling and the egress of T lymphocytes from the
lymph nodes. Based on our observations, we propose that in
these studies, loss of signaling throughCCR7/CCL19 blockedT
lymphocyte exit from the lymph nodes by preventing signaling
to up-regulate EDG-1.
Our observations are not unexpected given the distribution

of CCL21 andCCL19 and the extent of internalization of CCR7
following engagement of these two ligands (7, 10).We and oth-
ers (7) have shown that only �20% of CCR7 is internalized
when it is bound to CCL21, allowing for CCR7 to remain on the
surface of the cell and continue to senseCCL19 orCCL21 in the
lymph nodes.We speculate that if T lymphocytes fail to make a
conjugate with a dendritic cell that lasts for more than an hour,
the signaling pathway is not activated, allowing T lymphocytes
to maintain their level of EDG-1 expression and exit the lymph
nodes. In contrast, if the T lymphocytes form a conjugate with
activated dendritic cells that expresses a cognate ligand that T
lymphocytes recognize, the T cell maintains the close contact
required to internalize over 80% of CCR7 and to activate ERK5.
Studies are ongoing to determine the cytoplasmic adaptors that
are required for activation of ERK5 in the presence of continued
internalization of CCR7/CCL19.
As mentioned, CCL19 induces internalization of 80% of the

CCR7 on the cell surface. In contrast, CCL21 induces internal-
ization of �20% of the cell surface CCR7. Therefore, it is pos-
sible that the differential signaling that we observed with
respect to ERK5, KLF-2, and EDG-1 is due to differences in
levels of CCR7 on the surface. Such a hypothesis would be dif-
ficult to test without generating numerous T lymphocyte lines
that express different levels of CCR7 on the cell surface. An
alternative explanation is that internalization of CCR7 via
CCL19 versus CCL21 mediates recruitment of different adap-
tor proteins that remain associated with the cytoplasmic C ter-
minus and intracellular loops following recycling of the recep-
tor. We have observed that internalization of CCL19-bound
CCR7mediates the recruitment of arrestin 3,whileCCL21does
not (7). Thus, it is possible that the activated form of CCR7
recruits ERK5 following engagement of CCL19 via arrestins.
The recruitment of arrestins takes place within minutes of
CCR7 activation by CCL19, and while ERK1/2 is activated
within this timeframe, activation of ERK5 requires several
hours of CCL19 exposure. From this observation, we speculate
that other adaptors may be required, that associate only after
CCR7/CCL19 has trafficked within the cell to sites that allow
for recruitment of these adaptors. The adaptors would then
remain associated when the receptor recycles. In contrast, sig-

naling through CCR7/CCL21 fails to activate this pathway
since it takes a different route when it is internalized, although
this ligand/receptor pair has been linked to other distinct cel-
lular events (7, 9, 28, 31, 32). If the receptor is re-internalized
rapidly, due to the presence of ligand the subsequent internal-
izations may recruit novel adaptors to the already modified
cytoplasmic tail. Subsequently, ERK5 associates with the acti-
vated receptor and is internalized. CCR7 has been observed in
the nucleus in some cells (33); its function in the nucleus, how-
ever, has not yet been defined, though CCR7 has been found to
be associatedwith topoisomerase I (32). In future studies, it will
be important to determine the mechanisms that mediate
increased expression and increased phosphorylation of ERK5
after prolonged stimulation of T lymphocyte CCR7, to be able
to regulate T lymphocyte egress during immune responses.
Because the Erk5�/� mouse is embryonic lethal, we were

unable to use the T lymphocytes from the Erk5�/� mouse to
study the role of ERK5 in T lymphocyte egress. Therefore, we
used ERK5flox/flox/Lck-Cre mouse T cells. We found that,
instead of a reduction in the level of ERK5 expressed, the T cells
isolated from these mice showed a significant increase in the
levels of ERK5 (data not shown). Nonetheless, we found that
with this perturbed level of ERK5 expression, wewere no longer
able to stimulate expression of EDG-1 following ligation of
CCR7/CCL19. From our studies, we concluded that ERK5 is
indeed required for regulation of EDG-1.
KLF-2 expression is tightly regulated in T lymphocytes dur-

ing differentiation andmaturation (34). Overexpression of acti-
vated ERK5 leads to up-regulation of KLF-2 in a reconstituted
fetal thymic organ culture, while dominant negative ERK5
blocks KLF-2 (35). Recently it was reported that Foxo1, one of
four members of the Foxo subfamily of transcription factors
that control cell cycle progression and (36, 37) apoptosis, medi-
ates the expression of CCR7 and KLF-2 (37). In these studies,
Foxo1 was homozygously deleted, producing a reduction in the
expression levels of both CCR7 and KLF-2. In other studies,
which used a microarray of RNAs enriched for immune func-
tion, KLF-2mRNA levels were found to be up-regulated during
positive selection at the same time that CCR7 is first expressed
inT lymphocytes (38) in the thymus and lymphnodes. This was

FIGURE 7. Model of proposed CCR7/CCL19 signaling pathway in T cells.
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not surprising, given the role that CCR7 has in the up-regula-
tion of KLF-2. Furthermore, KLF-2 levels increase following in
vitro stimulation of naïve T lymphocytes, with IL-2 or IL-17
(30). KLF-2 expression correlated with long-term survival, and
we therefore speculate that KLF-2 contributes to the long-term
viability of T lymphocytes, that have had sustained interactions
with CCL19-expressing dendritic cells, for future immune
responses.
In conclusion, our data define differential signaling events

that take place within naïve T lymphocytes following activation
by CCL19 or CCL21. After binding to CCL19, CCR7 signaling
leads to increased expression and phosphorylation of ERK5 and
up-regulation of KLF-2, which results in EDG-1 expression and
a migration of T lymphocytes (Fig. 7). This is the first report to
show that these signaling events, which are required to control
themigration of T lymphocytes through the lymph node, are in
response to CCR7/CCL19.
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