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Interaction of the selectin ligand PSGL-1 with
chemokines CCL21 and CCL19 facilitates efficient
homing of T cells to secondary lymphoid organs

Krystle M Veerman'=, Michael J Williams!*, Kenji Uchimura®®, Mark S Singer?, Jasmeen S Merzaban'*$,
Silvia Naus!, Douglas A Carlow!, Philip Owen!, Jestis Rivera-Nieves®, Steven D Rosen? &

Hermann J Ziltener!*

P-selectin glycoprotein ligand 1 (PSGL-1) is central to the trafficking of immune effector cells to areas of inflammation through
direct interactions with P-selectin, E-selectin and L-selectin. Here we show that PSGL-1 was also required for efficient homing
of resting T cells to secondary lymphoid organs but functioned independently of selectin binding. PSGL-1 mediated an enhanced
chemotactic T cell response to the secondary lymphoid organ chemokines CCL21 and CCL19 but not to CXCL12 or to
inflammatory chemokines. Our data show involvement of PSGL-1 in facilitating the entry of T cells into secondary lymphoid
organs, thereby demonstrating the bifunctional nature of this molecule.

Immune surveillance requires that lymphocytes frequently home to
secondary lymphoid organs (SLOs) to monitor for foreign antigens
presented by antigen-presenting cells. The entry of blood-borne
lymphocytes into lymph nodes is restricted to specialized postcapillary
venules known as high endothelial venules (HEVs)!. To exit the blood
vessels under the shear force of blood flow, lymphocytes undergo a
complex multistep process that involves adhesive and chemotactic
events and is characterized by tethering and rolling, followed by cell
arrest and extravasation. [nteraction of L-selectin on lymphocytes with
ts low-affinity ligand, 6-sulfo sialyl Lewis X, presented on peripheral
node addressin (PNAd) expressed on HEVS, is an essential step in this
cascade of events’. The relatively slow rolling induced by the
L-selectin-PNAd interaction allows the lymphocytes sufficient time
to initiate the second critical step in the homing cascade: responding
to local chemokines presented on the lumenal aspect of HEVs®. The
chemokines CCL21 and CCL19 are recognized as being central to this
step®. Their interaction with the chemokine receptor CCR7,
expressed on lymphocytes, induces the third crucial step of the
cascade: activation of the integrin LFA-1 on lymphocytes®. Interaction
of LFA-1 with its ligand ICAM-1 expressed on HEVs results in cell
arrest, which is followed by immigration of cells into the lymph
nodes’8, Although naive T cells, central memory T cells and naive
B cells all use the same adhesion cascade to enter lymph nodes from
the blood!, some differences do exist in the molecular requirements
for homing to SLOs. Homing of naive T cells is most strongly affected

by lack of CCL21 and CCL19 (ref. 5) or CCR7 (ref. 4), whereas
homing of naive B cells is also dependent on CXCL12 and CXCR4
(ref. 9) and involves less L-selectin!®!1,

Naive T cells that have entered the SLOs and encounter dendritic
cells p’resenting their cognate antigen will undergo clonal expansion,
become effector cells and leave the lymphoid organ to eventually
re-enter the bloodstream!. A similar highly regulated multistep adhe-
sion cascade also controls the recruitment of effector cells from the
bloodstream to inflamed tissues, with a notable difference being that
the first crucial step of rolling and tethering is often mediated by the
interaction of appropriately glycosylated P-selectin glycoprotein
ligand-1 (PSGL-1) on the activated lymphocyte with P-selectin and/
or E-selectin expressed on activated endothelial cells lining the post-
capillary venules of inflamed tissue'. It was previously thought that
distinct arrays of molecules were required for the homing of naive cells
to SLOs versus the recruitment of inflammatory cells. However, the
known function of PSGL-1 in the recruitment of effector cells to sites
of inflammation!® has been extended to include homing of thymic
progenitors to the thymus'?, thereby establishing the involvement of
PSGL-1 in homing in noninflammatory conditions. Here we provide
evidence that PSGL-1 is a bifunctional molecule that has, in addition
to its established proadhesive function, a chemotaxis-enhancing
function required for the efficient homing of resting T cells to
SLOs through a mechanism that is independent of the interaction
of PSGL-1 with selectins.
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Figure 1 PSGL-1 is required for efficient homing of lymphocytes to SLOs. (a) Flow cytometry to assess
homing of lymphocytes after treatment with mAb 4RA10. Cells from CD-1 mouse donors were labeled
with CMFDA and treated with mAb 4RA10 or control IgG1 before injection into the tail veins of
age-matched C57BL/6 wild-type recipient mice (WT; n = 3 mice) or recipient mice lacking both
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GlcNAC6ST-1 and GIcNAc6ST-2 (DKO; n = 3 mice); absolute numbers of CMFDA* cells from recipient
peripheral lymph nodes (PLN), mesenteric lymph nodes (MLN), Peyer's patches (PP) and spleen (SPL)
were determined 1 h after injection. (b) Flow cytometry to assess homing of lymphocytes after
treatment with Fab fragments of mAb 4RA10. Cells from CD-1 mouse donors were labeled with CMFDA
and treated with Fab fragments of mAb 4RA10 or IgG1 before injection into the tail veins of C57BL/6
wild-type recipient mice (n = 3 mice); CMFDA* cells in recipient SLOs were analyzed 1 h later.

Raw data for in vivo homing experiments are in Supplementary Table 1 online. *, P < 0.05, and
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three independent experiments (a) or are representative of two independent experiments (b).
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to the same degree in mice deficient in both
sulfotransferases and in wild-type mice (P <
0.05), indicating that PSGL-1-dependent
homing occurred in the presence or absence
of functional PNAd. Monovalent Fab frag-
ments of mAb 4RA10 also inhibited the
short-term homing of lymphocytes to SLOs,
excluding the possibility that agglutination of
lymphocytes or Fc-receptor mediated events
were responsible for the reduced homing
(Fig. 1b). These Fab fragments inhibited
homing to peripheral and mesenteric lymph
nodes by 65% + 3.6% (P = 0.000048) and
58% * 6% (P = 0.0009), respectively. Hom-
ing to Peyer’s patches and spleen was reduced
by 28% + 6% (P = 0.08) and 11% + 14.8%
(P = 0.27), respectively, indicating trends
lacking statistical significance.

To further corroborate the idea that
PSGL-1 is involved in homing to SLOs, we
did competitive short-term homing assays
with mixtures of fluorescence-labeled lym-
phocytes from PSGL-1-null and wild-type
mice. The results (Fig. 2a) closely paralleled
the mAb inhibition studies. Homing of
PSGL-1-null lymphocytes to lymph nodes
was 49% *+ 4.5% less than that of wild-
type (P = 0.0000000083), whereas homing
to Peyer’s patches was 35% = 10.7% less
(P = 0.000069) and homing to the spleen
was 10% * 4.7% less (P = 0.0014). In the
peripheral blood, the numbers of wild-type
and PSGL-1-null lymphocytes were similar
(P = 0.28). Control experiments with wild-
type lymphocytes showed that the fluorescent
labels used did not affect the SLO-homing

@RESULTS
Efficient homing of T cells to SLOs requires PSGL-1

While analyzing parabiotic mice to delineate the function of PSGL-1
in thymic progenitor homing!4, we noted that T cells lacking PSGL-1
expression were approximately 50% less represented in lymph nodes
than were T cells expressing PSGL-1, whereas in the spleen, both T cell
types were present in comparable numbers. Those findings raised the
possibility that T cell-expressed PSGL-1 may be required for the
efficient homing of T cells to lymph nodes. To further investigate that
issue, we tested whether antibody blockade of PSGL-1 would affect the
short-term homing of lymphocytes to SLOs. Treatment of lympho-
cytes with monoclonal antibody (mAb) 4RA10 to PSGL-1 significantly
reduced short-term homing to SLOs (Fig. 1a). Homing to peripheral
lymph nodes was reduced by 77% + 16% (P = 0.0013), homing to
mesenteric lymph nodes was reduced by 75% * 5% (P = 0.000014)
and homing to Peyer’s patches was reduced by 71% * 6.7% (P =
0.018); however, homing to spleen was reduced by 25% + 17%
and this result did not achieve statistical significance (P = 0.07).
Mice deficient in the N-acetylglucosamine-6-O-sulfotransferases
GIcNAc6ST-1 and GIcNAc6ST-2 lack functional PNAd and have
much less homing of lymphocytes to lymph nodes, as their HEVs
cannot synthesize the sialyl 6-sulfo Lewis* determinants required for
L-selectin binding!>!6. Residual homing was inhibited by mAb 4RA10

NATURE IMMUNOLOGY VOLUME 8 NUMBER 5 MAY 2007

properties of lymphocytes (Supplementary
Fig. 1 online).

To determine whether PSGL-1 conferred on all the main lymphocyte
subsets efficient homing to SLOs, we monitored the PSGL-1-dependent
homing of B cells and of T cell subsets in the competitive short-term
homing assay. Homing of B cells to SLOs was not affected by PSGL-1
status (P = 0.34), as the ratio of wild-type to PSGL-1-null B cells that
had migrated into peripheral lymph nodes remained identical to the
ratio in peripheral blood (Fig. 2b). In contrast to its effect on the
homing of B cells, lack of PSGL-1 resulted in a similar lower lymph
node-homing efficiency for CD4* and CD8" T cells of both the naive
(CD44'°) and central memory (CD44h) phenotype (P < 0.0003).

PSGL-1 effect is independent of selectin interactions

PSGL-1 is known to interact with all three selectins!”. Therefore, one
possibility was that PSGL-1 binds to hitherto undetectable amounts of
E-selectin and/or P-selectin expressed on HEVs. Alternatively, it was
possible that T cells adhering to HEVs through L-selectin-PNAd
interactions bind other lymphocytes by secondary tethering through
an L-selectin—PSGL-1 interaction!®. To determine whether E-selectin
or P-selectin interactions were involved, we did competitive lympho-
cyte homing experiments with E-selectin-null or P-selectin-null reci-
pient mice, with the expectation that the competitive advantage
of wild-type lymphocytes would be lost if the vascular selectin
were required. However, the homing advantage of wild-type over
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PSGL-1-null lymphocytes was maintained in both E-selectin-deficient
and P-selectin-deficient recipient mice (Fig. 3a,b). These data rule out
the possibility of involvement of selectin binding. As the interaction of
PSGL-1 with L-selectin and P-selectin is dependent on activity of the
core 2 glycosyltransferase ‘C2GlcNACT-I''9%, we did competitive
homing assays with lymphocytes from C2GlcNAcT-I-null and wild-
type donors. Both populations homed equivalently to the various
SLOs (Supplementary Fig. 2 online), whereas in competition between
lymphocytes lacking C2GIcNACT-I alone and lymphocytes lacking
both C2GIcNACT-I and PSGL-1 in recipient mice lacking both
C2GIcNACT-1 and PSGL-1, the donor cells lacking PSGL-1 remained
at a disadvantage (Supplementary Fig. 2), challenging the idea of
involvement of L-selectin or P-selectin. Finally, competition in E-
selectin-null recipient mice between lymphocytes lacking C2GlcNACT-
1 alone and lymphocytes lacking both C2GIcNACT-I and PSGL-1
allowed simultaneous exclusion of the possibility of involvement of all
three selectins in the short-term homing assay (Fig. 3c). Again, cells
lacking PSGL-1 remained at a disadvantage, demonstrating that our
@i{nability to show involvement of selectins was not due to selectin
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edundancy. In summary, it is unlikely that interaction of PSGL-1 with

one or more selectins was the mechanism supporting the homing of
T cells to SLOs; thus, we explored other possibilities, including the
involvement of chemokines.
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Figure 2 The effect of PSGL-1 on homing to SLOs is restricted to resting T lymphocytes. (a) Competitive in vivo short-term homing of lymphocytes from
C57BL/6 wild-type and PSGL-1-null mouse donors, labeled with CFDA-SE or CTO and injected intravenously into C57BL/6 wild-type recipient mice; relative
numbers of labeled lymphocytes in recipient peripheral blood (PB), lymph nodes (LN), Peyer's patches (PP) and spleen (SPL) were determined by flow
cytometry after 1 h. (b} Flow cytometry of lymphocyte subsets among CFDA-SE-labeled C57BL/6 wild-type lymphocytes and GFP-transgenic PSGL-1-null
lymphocytes injected intravenously into wild-type recipient mice and assessed 1 h later in recipient peripheral blood and lymph nodes. Raw data for in vivo
homing experiments are in Supplementary Table 2 online. *, P < 0.05, and **, P < 0.001 (Student’s t-test; a, n = 5; b, n = 4). Data are mean (+ s.d.)
percent cells relative to wild-type and are representative of five (a) or three (b) independent experiments.

PSGL-1-null T cells have lower chemotactic responses

The chemokines CCL21 and CCL19 are constitutively produced in
lymph nodes?! and are presented on the surfaces of HEVs, most likely
through an association with glycosaminoglycans®. Loss of CCL19 and
CCL21 is associated with a defect in the migration of T cells to SLOs,
which demonstrates the importance of these chemokines in lympho-
cyte homing®. Studies have shown that a small subset of chemokines,
including CCL21 and CCL27, can bind the amino (N) terminus of
human PSGL-1 by a tyrosine-sulfation-dependent interaction?2. We
therefore sought to determine whether lack of PSGL-1 would alter the
chemotactic response of lymphocytes to CCL21. In competitive
transwell chemotaxis assays, PSGL-1-null lymphocytes migrated
about 30% less effectively than wild-type lymphocytes in response
to CCL21, and the attenuated chemotactic response was present over a
wide range of CCL21 concentrations (Fig. 4a; P < 0.005). As loss of
the abundant and heavily glycosylated molecule PSGL-1 might con-
ceivably alter the chemotactic response of lymphocytes in a non-
specific way, we sought to determine whether lack of CD43, a mucin
expressed in high abundance on lymphocytes?3, also affected their
chemotactic response. Loss of CD43 did not inhibit the response of
cells to CCL21; instead, cells lacking CD43 seemed to migrate some-
what more efficiently than wild-type cells (5-8% increase over wild-
type; Fig. 4b). Because our in vivo homing data showed that the effect

mwT (o *% i 2, BAc2-null
0 PSGL-1-nuil 1e0

PSGL-1-nufl, C2-null

Relative homing
(% of WT control)
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Figure 3 The contribution of PSGL-1 in the homing to SLOs is not dependent on its interaction with selectins. (a,b) Competitive in vivo short-term homing of
lymphocytes from C57BL/6 wild-type and PSGL-1-null mouse donors, labeled with CFDA-SE or CTO and injected intravenously into E-selectin-null recipients
(a; n = 4 mice) or P-selectin-null recipients (b; n = 3 mice). Lymph nodes, P = 0.00000052 (a) or P = 0.0000029 (b); Peyer’s patches, P = 0.0002 (a)
or P=0.0014 (b); spleen, P = 0.000028 (a) or P = 0.075 (b); peripheral blood, P = 0.24 (a) or P = 0.13 (b), all wild-type versus PSGL-1-null donor
(Student’s t-test). (¢} Flow cytometry of the relative number of lymphocytes lacking C2GIcNAcT-1 (C2-null) and lymphocytes lacking both PSGL-1 and
C2GIcNAcT-1 (PSGL-1-null, C2-null), labeled with CFDA-SE or CTO and injected into E-selectin-null recipient mice (n = 4 mice), detected in recipient
peripheral blood (P = 0.075), lymph nodes (P = 0.0000021), Peyer's patches (P = 0.00016) and spleen (P = 0.002). *, P < 0.05, and **, P < 0.001
(Student's t-test). Raw data for in vivo homing experiments are in Supplementary Table 3 online. Data are mean (+ s.d.) percent cells relative to wild-type

and are representative of at least three independent experiments.
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