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Abstract
Lymphocyte homing to peripheral lymph nodes (PLNs) is mediated by multi-step interactions
between lymphocytes and high endothelial venules (HEVs). Heparan sulfate (HS) has been
implicated in the presentation of chemokines on the surface of HEVs during this process.
However, it remains unclear whether this cell surface presentation is a prerequisite for lymphocyte
homing. In this paper, we generated conditional knockout (cKO) mice lacking Ext1, which
encodes a glycosyltransferase essential for HS synthesis, by crossing Ext1flox/flox mice with
GlcNAc6ST-2-Cre transgenic mice expressing Cre recombinase in HEVs. Immunohistochemical
studies indicated that HS expression was specifically eliminated in PLN HEVs but retained in
other blood vessels in the cKO mice. The accumulation of a major secondary lymphoid tissue
chemokine, CCL21, on HEVs was also abrogated without affecting CCL21 mRNA levels,
indicating that HS presents CCL21 on HEVs in vivo. Notably, a short-term lymphocyte homing
assay indicated that lymphocyte homing to PLNs was diminished in the cKO mice by 30 to 40%.
Consistent with this result, contact hypersensitivity responses were also diminished in the cKO
mice. The residual lymphocyte homing to PLNs in the cKO mice was dependent on pertussis
toxin-sensitive Gi protein signaling, in which lysophosphatidic acid-mediated signaling was partly
involved. These results suggest that chemokine presentation by HS on the surface of HEVs
facilitates but is not absolutely required for lymphocyte homing.

Introduction
Lymphocyte homing to secondary lymphoid organs, such as peripheral lymph nodes
(PLNs)3 and Peyer's patches (PPs), through specialized blood vessels known as high
endothelial venules (HEVs) is critical for immune surveillance (1–3). Lymphocyte homing
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is achieved by sequential interactions between lymphocytes and HEVs as follows (4): (i)
lymphocyte rolling mediated by the interaction between L-selectin and its carbohydrate
ligands, (ii) activation of lymphocytes by chemokines, (iii) integrin-mediated firm
attachment of lymphocytes to HEVs, and (iv) transmigration.

Studies using glycan-synthesizing enzyme-deficient mice, such as fucosyltransferase-IV and
-VII double knockouts (DKO) (5), GlcNAc-6-O-sulfotransferase (GlcNAc6ST)-1 and -2
DKOs (6, 7), and the recently reported sialyltransferase ST3Gal-IV and ST3Gal-VI DKOs
(8), have demonstrated the essential role of an HEV-specific sulfated glycan, 6-sulfo sialyl
Lewis X (Sialic acidα2-3Galβ1-4[Fucα1-3(sulfo-6)]GlcNAcβ1-R), in the initial step of
these sequential interactions. The activation of lymphocytes by chemokines plays an
essential role during the second step. In particular, studies using plt mice (9, 10) that lack
secondary lymphoid-tissue chemokines, CCL21 and CCL19, and mice that lack their
chemokine receptor, CCR7 (11), revealed a major role for these chemokines in lymphocyte
homing to PLNs. A more recent study indicated that efficient lymphocyte homing could be
observed in Ccl19-deficient mice (12), suggesting that CCL21 plays a dominant role in
lymphocyte homing. Heparan sulfate (HS), another HEV-expressed sulfated glycan, has
been implicated in the presentation of chemokines on the surface of HEVs and blood vessels
at the site of inflammation (13–15). However, it remains unclear whether chemokine
presentation by HEV-expressed HS is a prerequisite for lymphocyte homing.

The elongation of the HS backbone is catalyzed by the action of GlcA/GlcNAc
copolymerases composed of Ext1 and Ext2 hetero-oligomers that elongate the nascent chain
by adding alternating GlcA and GlcNAc residues (16). Systemic Ext1 knockout mice are
almost completely deficient in HS synthesis and are embryonic lethal (17). Recently, a
conditional deletion of Ext1 in a Tek-dependent and inducible manner succeeded in the
generation of live animals that lack HS in the pan-endothelial cells. These mice
demonstrated the function of HS in lymphocyte homing (18). However, the HS in all types
of blood and lymphatic vessels was eliminated in those animals, which may have affected
lymphocyte homing. In addition, Wang et al. reported that a pan-endothelial cell-specific
conditional deletion of N-acetyl glucosamine N-deacetylase-N-sulfotransferase-1, which is
required for N-sulfation of HS chains, caused a reduction of L-selectin- and chemokine-
mediated neutrophil trafficking during the inflammatory responses (19). However, they did
not report any physiological lymphocyte homing to the PLNs in the mutant animals.

We previously generated GlcNAc6ST-2-Cre transgenic mice expressing the Cre
recombinase under the control of the regulatory elements of the gene for the HEV-restricted
sulfotransferase gene, GlcNAc6ST-2, also known as high endothelial cell GlcNAc6ST or L-
selectin ligand sulfotransferase (20). The expression of the Cre recombinase was restricted
to the HEVs in the PLNs among all the blood vessels examined in the transgenic mice. In
this study, we generated Ext1 conditional knockout (cKO) mice by crossing the
GlcNAc6ST-2-Cre transgenic mice with the Ext1flox/flox mice to determine the role of HEV-
expressed HS in lymphocyte homing.

Materials and Methods
Mice

GlcNAc6ST-2-Cre transgenic mice (20) were crossed with Ext1flox/flox mice (21), and the
male and female GlcNAc6ST-2-Cre+/-/Ext1flox/+ offspring were crossed to obtain the
GlcNAc6ST-2-Cre+/+/Ext1flox/flox male and GlcNAc6ST-2-Cre+/-/Ext1flox/flox female mice.
Thereafter, the GlcNAc6ST-2-Cre+/+/Ext1flox/flox male and GlcNAc6ST-2-Cre+/-/
Ext1flox/flox female mice were further crossed, and the GlcNAc6ST-2-Cre+/+/Ext1flox/flox

and GlcNAc6ST-2-Cre+/-/Ext1flox/flox offspring were used as the cKO mice. The
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Ext1flox/flox mice were used as the wild-type (WT) controls throughout the study. The
genomic DNA was isolated from the mouse tails and was used for PCR genotyping. All
animal studies were performed in accordance with the guidelines of the Animal Research
Committee of the University of Shizuoka.

Immunofluorescence
Frozen sections (7–µm thick) were fixed with ice-cold acetone and incubated with PBS
containing 3% BSA (Sigma-Aldrich). To detect the HS in the PLNs, the sections were
incubated with a mixture of 2.5 µg/ml biotinylated MECA-79 (Biolegend), 2.5 µg/ml Alexa
Fluor 488-labeled rat anti-mouse CD31 mAb (MEC13.3, Biolegend), and 2.5 µg/ml mouse
anti-HS mAb (10E4, mouse IgM, Seikagaku) that was fluorescently labeled with Alexa
Fluor 594 carboxylic acid, succinimidyl ester (Invitrogen), followed by 2.5 µg/ml
streptavidin-Alexa Fluor 405 (Invitrogen). To detect the HS in the PPs, the sections were
incubated with 2.5 µg/ml MECA-367 (BD) that was fluorescently labeled with DyLight 488
NHS ester (Thermo Scientific) and 2.5 µg/ml Alexa Fluor 594-labeled 10E4. To detect the
HS in the other tissues, the sections were incubated with a mixture of 5 µg/ml Alexa Fluor
488-labeled MEC13.3 and 2.5 µg/ml 10E4, followed by 1.0 µg/ml Alexa Fluor 594-labeled
goat anti-mouse IgM (Invitrogen). To detect the CCL21 in the PLN HEVs, the sections were
incubated with 10 µg/ml biotinylated-rabbit anti-mouse CCL21 (PeproTech) and 2.5 µg/ml
MECA-79 (BD) that was fluorescently labeled with DyLight 488 NHS ester, followed by
1.0 µg/ml Alexa Fluor 594-conjugated streptavidin (Invitrogen). To detect other chemokines
in the PLN HEVs, the sections were incubated with 10 µg/ml goat anti-mouse CCL19
(R&D) or 10 µg/ml goat anti-mouse CXCL13 (M-17, Santa Cruz Biotechnology) and 2.5
µg/ml DyLight 488-labeled MECA-79, followed by 1.0 µg/ml biotinylated donkey anti-goat
IgG (Jackson ImmunoResearch Laboratories) and 1.0 µg/ml Alexa Fluor 594-conjugated
streptavidin. After staining, the sections were mounted with Fluoromount (Diagnostic
BioSystems). All images were obtained and analyzed with a BZ-9000 fluorescence
microscope (KEYENCE).

Heparinase digestion and detection of CCL21 on the luminal surface of HEVs
Mice were injected intravenously with a mixture of Bacteroides heparinase I, heparinase II
and heparinase III (New England BioLabs; heparinase I, heparinase II and heparinase III at a
concentration of 75, 75 and 15 mU/g mouse body weight, respectively) in PBS. Four hours
after the injection, the mice were injected intravenously with biotinylated-rabbit anti-mouse
CCL21 (0.2 µg/g mouse body weight; PeproTech). Thirty minutes after the injection of the
labeled antibody, PLNs were collected from each mouse, embedded in OCT compound
(Sakura Finetek), frozen and stored at −80 °C. Frozen sections of the PLNs (10–µm thick)
were fixed with PBS containing 1.75% formaldehyde (Kanto Chemical Co., Inc.) and
incubated with PBS containing 3% BSA. The sections were incubated with a mixture of 2.5
µg/ml DyLight 488-labeled MECA-79 and 0.5 µg/ml Alexa Fluor 594-conjugated
streptavidin. After staining, the sections were mounted with Fluoromount and analyzed with
a BZ-9000 fluorescence microscope as described above.

Lymphocyte homing assay
Lymphocyte homing was assayed as previously described (6, 22) with several modifications.
Briefly, the lymphocytes that were prepared from the spleens and MLNs of the WT mice
were labeled with 5.0 µM carboxyfluorescein diacetate succinimidyl ester (CFSE,
Invitrogen) and injected intravenously into the WT and cKO mice (2.0 × 105 lymphocytes/g
mouse body weight). In some experiments, the recipient mice were treated with a mixture of
Bacteroides heparinase I, heparinase II and heparinase III as described above for 4 h or with
unlabeled rabbit anti-mouse CCL21 (PeproTech; 1.2 µg/g mouse body weight) for 30 min
before the injection of the CFSE-labeled lymphocytes. In additional experiments, CFSE-
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labeled lymphocytes (4 × 107 cells/ml) were treated with 100 ng/ml pertussis toxin (PTX)
(List Biological Laboratories) or 50 µM [1-bromo-3(S)-hydroxy-4-
(palmitoyloxy)butyl]phosphonate (BrP-LPA; Echelon Biosciences) in RPMI 1640 medium
(Sigma-Aldrich) containing 10 mM HEPES and penicillin-streptomycin (Invitrogen) for 2 h
at 37 °C, washed twice with RPMI 1640 medium containing 10% FBS (HyClone), 10 mM
HEPES and penicillin-streptomycin, and resuspended in PBS (4 × 107 cells/ml) prior to
intravenous injection into the recipient mice. Thirty min or 2 h after injection, the fraction of
CFSE+ cells in a cell suspension of the recipient lymphoid organs was determined by flow
cytometry on a FACSCanto II flow cytometer (BD).

Flow cytometric analysis
Single-cell suspensions were prepared from the PLNs by passing the cells through a nylon
mesh filter. The cells were incubated with 5 µg/ml anti-mouse CD16/32 (clone 93;
Biolegend) to block the FcγII/III receptors. The cell suspension was then incubated with a
combination of mAbs as follows: 4.0 µg/ml APC-conjugated anti-mouse CD3ε (2C11;
eBioscience), 2.0 µg/ml R-phycoerythrin (PE)-conjugated anti-mouse CD45R/B220
(RA3-6B2; Biolegend), 1.25 µg/ml FITC-conjugated anti-mouse CD4 (RM4-5; eBioscience)
and 2.5 µg/ml PE-Cy7-conjugated anti-mouse CD8 (53–6.7; Biolegend). The data were
acquired by flow cytometry on a FACSCanto II flow cytometer and analyzed with the FACS
Diva software (BD).

Purification of PLN high endothelial cells (HECs) from WT and cKO mice
Freshly isolated PLNs from the WT and cKO mice were minced with glass slides and
incubated in RPMI 1640 containing 10% FBS, 10 mM HEPES, 1 mg/ml collagenase A
(Roche), 0.5 mg/ml dispase (Invitrogen) and 10 U/ml DNase I (Roche) for 60 min at 37°C
with gentle shaking. After centrifugation, the cells were resuspended in PBS containing
0.01% trypsin (Invitrogen) and 1 mM EDTA and incubated for 5 min at 37 °C. RPMI 1640
medium containing 10% FBS and 10 mM HEPES was added to terminate the trypsin
digestion, and the cell suspension was passed through a 70-µm cell strainer (BD). The cells
were incubated with 10 µg/ml MECA-79 (BD), followed by 10 µg/ml biotinylated mouse
anti-rat IgM mAb (G53-238; BD). After washing with PBS containing 0.2% BSA, the cells
were incubated with streptavidin-microbeads (1:10 dilution; Miltenyi Biotec) and 10 µg/ml
streptavidin-conjugated Alexa Fluor 647 (Invitrogen). After washing, the MECA-79+ HECs
were purified using the MS column in the Mini magnetic-activated cell sorting (MACS) kit
according to the manufacturer’s protocol (Miltenyi Biotec). The HEC purities were
determined by flow cytometry on a FACSCanto II flow cytometer. The total RNA was
purified from the HECs and used for real-time quantitative PCR.

Real-time quantitative RT-PCR
The total RNA was extracted from the PLN HECs from the WT and cKO mice using the
RNAspin Mini kit (GE Healthcare). The cDNA was synthesized using the PrimeScript RT-
PCR kit (TaKaRa) and was subjected to real-time quantitative PCR using the SYBR Premix
Ex Taq II (Tli RNase H Plus, TaKaRa). The expression of each mRNA was normalized to
the expression of β-actin with the ΔΔCt method according to the manufacturer’s
instructions (TaKaRa Thermal Cycler Dice TP870). The primer sets used were as follows:
β-actin, 5’-CATCCGTAAAGACCTCTATGCCAAC-3’ and 5’-
ATGGAGCCACCGATCCACA-3’; Ext1, 5’-GCCCTTTTGTTTTATTTTGG-3’ and 5’-
TCTTGCCTTTGTAGATGCTC-3’; Ext2, 5’-TCCAAGCTGCTGGTGGTCTG-3’ and 5’-
GCCTCTGTCTCGATTTCGTCGTA-3’; Chst4, 5’-
GCATTATCCCAGCTACAGGATCAG-3’ and 5’-TGGGAACCCAGGAACATCAG-3’;
and CCL21, 5’-TGAGCTATGTGCAAACCCTGAGGA-3’ and 5’-
TGAGGGCTGTGTCTGTTCAGTTCT-3’.
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PLN organ culture
PLNs, one each of the cervical, brachial, axillary, and inguinal lymph nodes, from the WT
and cKO mice were cultured in 200 µl RPMI 1640 medium containing 10% FBS, 10 mM
HEPES and penicillin-streptomycin at 37°C in a 5% CO2 humidified incubator. After 24 h,
the organ culture supernatants were collected, centrifuged to remove debris and used for
ELISA.

ELISA for soluble CCL21
A 96-well ELISA plate (Corning) was coated with 0.5 µg/ml purified goat anti-mouse
CCL21 antibody (anti-mouse 6Ckine antibody, R&D). After blocking with PBS containing
3% BSA, the recombinant mouse CCL21 (PeproTech), citrate plasma or the PLN organ
culture supernatants were added to the wells and incubated for 1 h. After washing with PBS
containing 0.05% Tween 20, 0.5 µg/ml biotinylated-rabbit anti-mouse CCL21 (PeproTech)
was added to the wells and incubated for 1 h. After washing, alkaline phosphatase-
conjugated streptavidin (1:2,000 dilution, Vector Laboratories) was added to the wells and
incubated for 1 h. Finally, the BluePhos Microwell Phosphatase substrate (KPL) was added
to the wells, and the optical density at 650 nm was measured using a 96-well spectrometer
(SUNRISE Rainbow RC-R, TECAN). The value obtained with the RPMI 1640 medium
containing 10% FBS, 10 mM HEPES and penicillin-streptomycin was subtracted from each
measurement. The concentration of CCL21 in the PLN organ culture supernatants was
estimated from a standard curve obtained with known amounts of recombinant mouse
CCL21.

Contact hypersensitivity
Twenty five µl of 0.5% (v/v) DNFB (2,4-dinitrofluorobenzene, Wako) in acetone/olive oil
(4:1) was applied onto the shaved forelegs of the mice on days 0 and 1. On day 5, the right
ear was treated with 20 µl of 0.2% DNFB (10 µl on each side of the pinna), and the left ear
was treated with vehicle. Ear swelling was measured with a Digimatic thickness gauge
(Mitsutoyo, Japan) before and 24 h after treatment. After measurements were taken, some of
the DNFB-treated ears were fixed with 10% formaldehyde in PBS and embedded in paraffin
for hematoxylin-eosin staining. In parallel, some other DNFB-treated ears and draining
lymph nodes were embedded in OTC compound, frozen and stored at −80 °C. Frozen
sections were used for immunofluorescence as described above.

Statistical analysis
A Student’s t-test or one-way ANOVA followed by a post hoc Dunnett’s test was used to
determine the statistical significance of the differences between experimental groups.

Results
Elimination of HS in PLN HEVs but not other blood vessels in cKO mice

To determine the expression of HS in the HEVs, the PLNs were collected from WT and
cKO mice and subjected to immunofluorescence studies using the anti-HS mAb 10E4 and
mAbs against pan-endothelial cells and HEVs. As shown in Figure 1A, the HS was strongly
expressed in the HEVs expressing the pan-endothelial cell marker, CD31, and the PLN HEV
marker, MECA-79, in the WT mice. By contrast, the HS was almost completely eliminated
in the MECA-79+ HEVs in the cKO mice. A quantitative analysis of the staining intensities
of the HEVs with the anti-HS mAb indicated that 97% of the MECA-79+ HEVs in the cKO
mice expressed less than 10% HS compared with the average in the WT mice (Figure S1).
The expression of HS in the CD31+ blood vessels in the thymus, liver and kidney was
unaffected in the cKO mice (Figure 1B). In addition, the expression of HS was also retained
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in another type of HEV that was MECA-367 reactive (23) in the PPs of the cKO mice
(Figure S2). These results indicate that the HS was almost completely eliminated in the
MECA-79+ HEVs but was retained in the other blood vessels of the cKO mice.

Diminished accumulation of CCL21 on PLN HEVs in cKO mice
CCL21 is a major secondary lymphoid-tissue chemokine that plays a critical role in
lymphocyte homing (9–11). Notably, CCL21 can interact with various glycosaminoglycans,
including HS, through its C-terminal highly basic region (24). To evaluate the CCL21
protein expression on the HEVs, the PLN sections from WT and cKO mice were stained
with an anti-CCL21 polyclonal antibody and MECA-79. As shown in Figure 2, the
accumulation of the CCL21 protein on the PLN HEVs was clearly observed in the WT mice,
whereas no such accumulation was observed in the cKO mice. The accumulation of the
other lymphoid chemokines CCL19 and CXCL13 on HEVs was not detected, even in the
WT mice (Figure S3).

One may argue that the lack of CCL21 protein accumulation in the PLN HEVs in the cKO
mice could be due to the reduction of CCL21 mRNA. To clarify this issue, we next
examined CCL21 mRNA expression in the HEVs. The PLN HECs were purified from the
WT and cKO mice by MACS using MECA-79. The HEC purities obtained were 88 to 96%
as determined by flow cytometry. The total mRNAs that were prepared from the HECs were
then subjected to real-time quantitative RT-PCR analysis (Figure 3A). As expected, the
expression of the mRNA for a HEV-specific gene, Chst4 (encoding GlcNAc6ST-2), was
detected at a comparable level in both the HEC preparations. By contrast, the expression of
the Ext1 mRNA was diminished by 84% in the cKO mice, whereas the mRNA expression of
Ext2 was unchanged. The expression of CCL21 mRNA in the cKO mice was comparable to
that in the WT mice, indicating that the accumulation of CCL21 protein but not CCL21
mRNA was diminished in the cKO mice.

The possibility remained that the CCL21 protein production but not the CCL21 protein
presentation by HS may have been diminished in the cKO mice. To examine this possibility,
the presence of soluble CCL21 in the plasma and PLN culture supernatants from WT and
cKO mice was determined by a sandwich ELISA using anti-CCL21 polyclonal antibodies.
As shown in Figure 3B, comparable amounts of soluble CCL21 were detected in the plasma
and PLN culture supernatants of the cKO and WT mice, excluding the possibility that the
protein production of CCL21 was diminished in the cKO mice. Taken together, these results
indicate that the HS presents CCL21 proteins on the HEVs.

Role of HS in lymphocyte homing to PLNs
To assess the role of HS in lymphocyte homing, we next performed a lymphocyte homing
assay. As shown in Figures 4A and 4B, the lymphocyte homing to the PLNs at 30 min and 2
h was diminished in the cKO mice by 37% and 29%, respectively. The number of
lymphocytes in the PLNs of the cKO mice was also partially diminished by 30% compared
to the WT mice (Figure 4C). By contrast, lymphocyte homing to the PPs was not diminished
in the cKO mice, which is presumably due to the presence of MECA-367+ HEVs that
retained HS expression. The ratio of CD3+ T cells to B220+ B cells in the PLNs and PPs
was not significantly changed in the cKO mice (Table I). These results suggest that
chemokine presentation by HS facilitates but is not absolutely required for lymphocyte
homing.

To determine whether lymphocytes can attach to and transmigrate through HEVs even when
HS is eliminated, we next performed immunofluorescence studies of the PLNs that were
injected with fluorescently labeled lymphocytes 30 min prior to tissue dissection. As shown
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in Figure 5A, some lymphocytes could attach to the HEVs and were undergoing the process
of transendothelial migration even in the cKO mice lacking the HS on the HEVs. In
addition, fluorescently labeled lymphocytes that most likely transmigrated from the adjacent
HEV into the parenchyma of the PLNs were observed in the cKO mice (Figure 5A,
arrowheads). To determine whether the migratory properties of the lymphocytes in the
parenchyma of the PLNs were affected in the cKO mice, the distances between the HEVs
and the fluorescently labeled lymphocytes were measured. No significant difference in the
distance between the HEVs and labeled lymphocytes was found in the WT and cKO mice,
although the percentage of lymphocytes within 20 µm from the HEVs was slightly lower in
the cKO mice (Figure 5B). These results suggest that the HS does not significantly affect the
lymphocyte migration in the PLN parenchyma after the lymphocytes enter the tissue.

Characterization of residual lymphocyte homing in cKO mice
The above-mentioned results suggest that HS facilitates but is not absolutely required for
lymphocyte homing. To determine the molecular mechanisms underlying the residual
lymphocyte homing observed in the cKO mice, we examined the effects of various
treatments on HEVs and lymphocytes (Fig. 5C). To examine the possibility that an
incomplete deletion of HS from the surface of HEVs in the cKO mice might account for the
residual homing, we first examined the effects of an intravenous injection of a mixture of
heparinase I, heparinase II and heparinase III, which degrades HS. As shown in Fig. 5D, the
heparinase treatment of WT mice abrogated the luminal surface presentation of CCL21 on
MECA-79+ HEVs as assessed by the intravenous injection of an anti-CCL21 polyclonal
antibody, similar to what was observed in untreated cKO mice. Under such conditions,
lymphocyte homing to PLN in the WT mice was diminished to the level observed in the
cKO mice, while lymphocyte homing in the cKO mice was not affected (Fig. 5C). These
results indicate that residual HS on the HEVs of the cKO mice does not account for the
residual homing in the cKO mice. To explore the possibility that a form of CCL21 not
bound to HS might be involved in the residual homing, we next examined the effects of an
anti-CCL21 blocking antibody. The antibody treatment inhibited lymphocyte homing in the
WT mice but not in the cKO mice, suggesting that molecules other than CCL21 are involved
in the residual homing in the cKO mice. In contrast, PTX treatment of the CFSE-labeled
lymphocytes inhibited homing by 85 to 90% in both the WT and the cKO mice, indicating
that the residual homing was dependent on signaling through the Gi family of the G-protein
coupled receptors but was independent of HS or CCL21.

We next examined whether the CXCL12-mediated signaling pathway might account for the
residual pertussis toxin-sensitive Gi protein signaling because it was reported that this
chemokine plays an important role in lymphocyte homing to PLNs in plt/plt mice that lack
CCL21 and CCL19 in lymph nodes (10, 25, 26). However, anti-CXCL12 polyclonal
antibodies, an anti-CXCR4 monoclonal antibody and a specific inhibitor of CXCL12-
mediated signaling, AMD3100, failed to inhibit lymphocyte homing in both WT and cKO
mice (unpublished observation). Recently, it was also reported that the lysophospholipase D/
autotaxin expressed in HEVs and the product of this enzyme LPA (lysophosphatidic acid)
are involved in lymphocyte homing (27–29). We thus examined the effects of BrP-LPA,
which acts as an autotaxin inhibitor and pan-LPA receptor antagonist, on the residual
lymphocyte homing in the cKO mice. As shown in Fig. 5C, the homing of BrP-LPA-treated
lymphocytes was significantly inhibited in both the WT and cKO mice. The BrP-LPA
treatment of lymphocytes did not affect lymphocyte L-selectin expression or the chemotactic
responses of the lymphocytes toward CCL21 (unpublished observation). Collectively, these
results indicate that the residual lymphocyte homing to PLNs in the cKO mice was
dependent on pertussis toxin-sensitive Gi protein signaling, in which LPA-mediated
signaling is partly involved.
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Role of HEV-expressed HS in contact hypersensitivity
We next examined contact hypersensitivity responses in the cKO mice. As shown in Figs.
6A and 6B, ear swelling was diminished in the cKO mice by 49% compared to the WT mice
in association with a diminished leukocyte infiltration of the ear. HS was expressed
normally in the blood vessels of the inflamed ear in the cKO mice, while the presence of HS
was eliminated in the HEVs of the draining lymph nodes in those mice (Fig. 6C).
Collectively, these results indicate that HEV-expressed HS facilitates contact
hypersensitivity responses.

Discussion
In this study, we generated cKO mice that specifically lacked Ext1 in HEVs by using
GlcNAc6ST-2-Cre transgenic mice (20). We found that HS expression was specifically
eliminated in HEVs in the PLNs but retained in other blood vessels in the cKO mice (Fig.
1). The generation of these highly specific cKO mice allowed us to examine the role of
HEV-expressed HS in lymphocyte homing.

The accumulation of a major secondary lymphoid tissue chemokine, CCL21, on HEVs was
abrogated without affecting CCL21 mRNA levels (Figs. 2 and 3), indicating that HS
presents CCL21 on HEVs in vivo. These findings are consistent with a previous model that
glycosaminoglycans can immobilize chemokines on the surface of endothelial cells to
prevent their rapid dilution by blood flow (13). CCL21 can interact with not only HS but
also chondroitin sulfate (CS) B and CS E in vitro (24, 30). However, the present study
clearly showed that HS is the sole glycosaminoglycan involved in CCL21 presentation on
the surface of HEVs.

Notably, a short-term lymphocyte homing assay indicated that lymphocyte homing to PLNs
was partially diminished in the cKO mice (Fig. 4). This result suggests that chemokine
presentation by HS on HEVs facilitates lymphocyte homing. This finding also raised the
question of why only a “partial” inhibition was observed in the cKO mice. It has been
reported that 6-sulfo sialyl Lewis X-mediated lymphocyte rolling on HEVs is increased with
the conditional deletion of Ext1 in a Tek-dependent and inducible manner, possibly because
of the loss of electrostatic repulsion by HS (18). In addition, another report showed that the
degradation of HS on endothelial cells exposes previously hidden endothelial cell surface
adhesion molecules, including ICAM-1 and VCAM-1, during experimental sepsis (31).
Therefore, it is likely that HS can function both positively and negatively in lymphocyte
homing and that the partial inhibition of lymphocyte homing observed in our cKO mice
could be due to the sum of these effects. A lack of HS may result in an enhancement of
lymphocyte rolling and the ICAM-1-mediated firm attachment of lymphocytes, which may
partly explain why lymphocyte homing was only partially inhibited in the cKO mice.

It should be noted, however, that lymphocyte homing is achieved by a multi-step process
and that the activation of lymphocytes is critical to bridging these processes (4). Because
HS-immobilized CCL21 was eliminated in our cKO mice, we think it is likely that some
other signaling molecules may have activated lymphocytes during the process of
lymphocyte homing in these animals. In agreement with this hypothesis, we found that the
residual homing of lymphocytes in cKO mice could be significantly inhibited by PTX,
indicating that the residual homing was dependent on signal transduction through the Gi
family of the G-protein coupled receptors (Fig. 5). Furthermore, we found that LPA was
partly involved in the residual homing in the cKO mice, consistent with previous findings
that HEV-expressed autotaxin and the autotaxin product LPA are involved in lymphocyte
homing (27–29) and that LPA induces the integrin-dependent adhesion of splenic B cells to
ICAM-1 through Gi and G12/G13 family of G-proteins (32).
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Almost equivalent amount of soluble CCL21 was detected in the plasma and PLN organ
culture supernatants of the WT and cKO mice (Fig. 3), even though the accumulation of
CCL21 protein on HEVs was abolished in the cKO mice, as determined by
immunofluorescence studies (Fig. 2). These findings suggest that the majority of locally
produced CCL21 proteins was secreted from HEVs into the circulation and that only a
portion of CCL21 proteins was presented on the surface of HEVs. However, our result that
an anti-CCL21 polyclonal antibody failed to inhibit residual lymphocyte homing in the cKO
mice (Fig. 5) suggests that HS-immobilized CCL21 may play a dominant role in lymphocyte
homing, although we cannot exclude the possibility that soluble chemokines might also be
involved in lymphocyte homing.

We demonstrated that contact hypersensitivity responses were significantly blocked in our
cKO mice (Fig. 6), indicating that HEV-expressed HS which is involved in homing of naïve
lymphocytes to PLNs is critical for the contact hypersensitivity response. It is noteworthy
that the extent of the inhibition of contact hypersensitivity responses in mice lacking Ext1 in
a Tek-dependent and inducible manner (18) was more significant than that observed in our
HEV-specific cKO mice. The blood vessels of the inflamed ear lacked HS in the Tek-
dependent and inducible cKO mice, but these vessels had normal levels of HS in our cKO
mice. Therefore, the data obtained from the two different strains of cKO mice together
indicate that HS expressed not only in HEVs but also in the blood vessels at inflammatory
sites is important for the contact hypersensitivity response.

Collectively, our results suggest that chemokine presentation by HS facilitates but is not a
prerequisite for lymphocyte homing. A previous model indicated that chemokines are
presented by glycosaminoglycans on the surface of endothelial cells to induce lymphocyte
adhesion (13), and this theory has since been widely accepted. However, our study now
suggests that this model of chemokine presentation and lymphocyte homing may need
refinement and updating.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of HS in PLN HEVs and other blood vessels
(A) Frozen sections of the PLNs from the WT and cKO mice were stained with an anti-
CD31 mAb (green), anti-HS mAb (red) and MECA-79 (blue). Scale bar, 50 µm. (B) Frozen
sections of the thymus, liver and kidney from the WT and cKO mice were stained with an
anti-CD31 mAb (green) and anti-HS mAb (red). Scale bars: 20 µm for thymus and liver and
50 µm for kidney. The data are representative of three independent experiments.
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Figure 2. Diminished accumulation of CCL21 on PLN HEVs in cKO mice
Frozen sections of PLNs were stained with polyclonal antibodies against CCL21 (red) and
MECA-79 (green). Nuclear staining was performed with DAPI (blue). Scale bar, 50 µm. The
data are representative of three independent experiments.
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Figure 3. Real-time quantitative RT-PCR analysis and ELISA for CCL21
(A) Real-time RT-PCR analysis. The expression of the mRNAs for Ext-1, Ext-2, Chst4 and
CCL21 were analyzed by real-time RT-PCR using the total RNA samples from the
MECA-79+ HECs from the WT and cKO mice. The relative quantity of each mRNA
compared to the quantity of β-actin was determined by the ΔΔCt method. Each bar
represents the mean ± SD. *, P < 0.02 versus the WT mice. N.S., not significant. The data
from three independent experiments were pooled (n = 3). (B) Detection of soluble
chemokines in the citrate-plasma (Plasma) and PLN organ culture supernatant (PLN sup)
from the WT and cKO mice by ELISA. Each bar represents the mean ± SD. N.S., not
significant. The data are representative of three independent experiments.
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Figure 4. Partial reduction of lymphocyte homing to PLNs in cKO mice
(A, B) Lymphocytes labeled with CFSE were injected into the tail veins of WT and cKO
mice. Thirty min (A) or 2 h (B) after injection, the fluorescent lymphocytes from the PLNs
and PPs were quantified by flow cytometry. Four to five recipient mice were tested in each
experiment. Each bar represents the mean ± SD. *, P < 0.002 versus the WT mice. N.S., not
significant. The data are representative of two independent experiments. (C) The
lymphocytes recovered from the PLNs of the WT and cKO mice were counted, and the
average number of lymphocytes per PLN was calculated. Each bar represents the mean ±
SD. **, P < 0.02 versus the WT mice. The number of mice analyzed were as follows: n = 14
(WT) and n = 13 (cKO).
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Figure 5. Characterization of residual lymphocyte homing in cKO mice
(A) A typical example of the transendothelial migration of CFSE-labeled lymphocytes into
the parenchyma of the PLNs. The CFSE-labeled lymphocytes were injected 30 min prior to
tissue dissection. The sections were stained with an anti-HS mAb (red) and MECA-79
(blue). The arrowheads denote the CFSE-labeled lymphocytes that have transmigrated from
the adjacent HEV into the parenchyma of the PLNs. The distance between the transmigrated
CFSE-labeled lymphocytes and the most adjacent HEVs was measured with the
fluorescence microscope, BZ-9000. Scale bar, 50 µm. (B) The distribution of the distance
between the CFSE-labeled lymphocytes and the PLN HEVs in the WT and cKO mice. The
values represent the mean ± SD. *, P < 0.05 versus the WT mice (n = 3). The data are
representative of two independent experiments. (C) Lymphocytes labeled with CFSE that
had been treated with or without PTX or BrP-LPA were injected into the tail veins of WT or
cKO mice that had been treated with or without a mixture of heparinase I, heparinase II and
heparinase III (HSases) or anti-CCL21 polyclonal antibody (Anti-CCL21). Thirty min after
injection, the fluorescent lymphocytes from the PLNs were quantified with flow cytometry.
The relative amount of lymphocyte homing is shown as a percentage of that observed with
the untreated control lymphocytes in WT mice, which is set as 100%. Three to five recipient
mice were tested in each experimental group. Each bar represents the mean ± SD. *, P <
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0.05; **, P < 0.01 versus the untreated control. (D) The detection of CCL21 on the luminal
surface of HEVs. WT mice that had been treated with or without a mixture of heparinase I,
heparinase II and heparinase III (HSases) or cKO mice were injected intravenously with
biotinylated anti-CCL21 polyclonal antibody. Frozen sections of the PLNs from those mice
were stained with DyLight 488-labeled MECA-79 and Alexa Fluor 594-conjugated
streptavidin. The profile of the fluorescence intensity along the white arrow in each merged
image is shown at the bottom. Note that the CCL21 accumulation (red) on HEVs was
diminished in the HSase-treated WT mice and untreated cKO mice. Scale bar, 50 µm.
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Figure 6. Diminished contact hypersensitivity responses in cKO mice
(A) Hematoxylin-eosin staining of ear sections 24 h after DNFB challenge on day 5. *, ear
cartilage; arrows, recruited leukocytes. Scale bar, 100 µm. (B) Ear swelling 24 h after the
challenge with DNFB or vehicle alone on day 5 in the WT and cKO mice (n = 5). *, P <
0.01 (C) Frozen sections of the DNFB-treated ear and draining lymph node (Draining LN)
from the WT and cKO mice were stained with an anti-CD31 mAb (green) and an anti-HS
mAb (red). Scale bars, 50 µm. The data are representative of two independent experiments.
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Table I

Percentage of lymphocyte subpopulations in PLNs of WT and cKO mice.

Cells in PLN (%)* Cells in PP (%)

WT cKO WT cKO

CD3+ 53.4 ± 5.8 52.0 ± 4.2 14.4 ± 1.1 14.6 ± 2.4

   CD3+ CD4+ 24.8 ± 3.5 25.9 ± 2.9 10.4 ± 0.8 9.6 ± 2.0

   CD3+ CD8+ 26.0 ± 2.5 23.3 ± 1.8 2.0 ± 0.3 2.0 ± 0.1

B220+ 38.2 ± 5.6 38.8 ± 4.4 78.4 ± 1.8 79.2 ± 2.1

Others 8.5 ± 1.7 9.2 ± 3.3 7.2 ± 1.3 6.2 ± 0.7

*
The values represent the means ± SD of the cell percentages in the PLNs per mouse (n = 3).

**
The data are representative of three independent experiments.
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