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ABSTRACT Preferential homing of naive lymphocytes to
secondary lymphoid organs is thought to involve the action of
chemokines, yet no chemokine has been shown to have either
the expression pattern or the activities required to mediate
this process. Here we show that a chemokine represented in
the EST database, secondary lymphoid-tissue chemokine
(SLC), is expressed in the high endothelial venules of lymph
nodes and Peyer’s patches, in the T cell areas of spleen, lymph
nodes, and Peyer’s patches, and in the lymphatic endothelium
of multiple organs. SLC is a highly efficacious chemoattrac-
tant for lymphocytes with preferential activity toward naive T
cells. Moreover, SLC induces firm adhesion of naive T lym-
phocytes via b2 integrin binding to the counter receptor,
intercellular adhesion molecule-1, a necessary step for lym-
phocyte recruitment. SLC is the first chemokine demon-
strated to have the characteristics required to mediate homing
of lymphocytes to secondary lymphoid organs. In addition, the
expression of SLC in lymphatic endothelium suggests that the
migration of lymphocytes from tissues into efferent lymphat-
ics may be an active process mediated by this molecule.

During immune surveillance, naive lymphocytes preferentially
enter secondary lymphoid organs where they sample seques-
tered antigens before returning to the circulation. In lymph
nodes and Peyer’s patches, they leave the blood by emigrating
across specialized high endothelial venules (HEV) (1). In the
spleen, which lacks HEV, they exit the blood in the marginal
zone and move to the white pulp by a route that has not been
clearly defined (2). After leaving the blood, naive B and T
lymphocytes migrate to distinct compartments within lym-
phoid organs, follicles and T cell areas, respectively, where they
encounter antigen-presenting dendritic cells. Those lympho-
cytes that are stimulated by antigen are retained and prolif-
erate while the majority return to the circulation. In this
manner, lymphocyte clones reactive to rare antigens are
rapidly selected, stimulated to differentiate into effector or
memory cells, and expanded. Unlike naive lymphocytes, mem-
ory lymphocytes migrate preferentially to peripheral nonlym-
phoid organs. While the migration of these cells from the blood
has been extensively studied (3, 4), little is known about the
mechanisms by which they return to the circulation.

Lymphocytes are thought to enter secondary lymphoid
organs through a cascade of steps (5). In this model, cells
initially tether and roll on endothelium through selectin-
mediated interactions (step 1), then undergo a stimulated
increase in integrin activity (step 2) that causes them to firmly
adhere to endothelium through the binding of integrins to Ig
superfamily adhesion molecules (step 3). Firmly attached cells
then follow a chemoattractant gradient into tissues (step 4).
The selectins and integrins required for the first and third steps

in this process have been defined (3, 4). In step 1, L-selectin
expressed on lymphocytes interacts with peripheral node
addressin, a complex of glycoproteins that includes CD34 (6).
During step 3, the lymphocyte integrin aLb2 (LFA-1, CD11y
CD18) mediates firm adhesion by binding to its HEV-
expressed counter-receptors, intercellular adhesion mole-
cule-1 (ICAM-1) or ICAM-2 (7, 8). In the case of lymphocyte
homing to gut-associated lymphoid tissues (e.g., Peyer’s patch-
es), there is the additional involvement of a4b7 (LPAM-1),
which can mediate rolling and slowing of the lymphocyte
through an interaction with MadCAM-1 on HEV (9, 10).

Remaining to be identified are the molecules that provide a
stimulus for increased integrin adhesiveness (step 2 above) and
serve as chemoattractants (step 4) during lymphocyte homing.
Thus far the best candidates for performing these functions are
chemokines, a rapidly growing family of small basic proteins
that direct the migration of leukocytes (11, 12). Chemokines
are related by primary structure and characteristic properties
such as the ability to bind heparin. They can be divided into
four groups based on the arrangement of their conserved
cysteines. All chemokines thus far studied exert their effects by
binding to seven-transmembrane-domain G-protein coupled
receptors. Chemokines have been shown to activate b1 or b2
integrins on monocytes, neutrophils, and lymphocytes and to
serve as chemoattractants for these cells during inflammation
(13–15). Circumstantial evidence suggests that they may per-
form similar functions during lymphocyte homing. Treatment
of lymphocytes with pertussis toxin inhibits both the stimulated
increase in aLb2 (LFA-1)-mediated adhesion to HEV and
lymphocyte entry into secondary lymphoid organs, consistent
with the involvement of a Gai-linked chemokine receptor in
these processes (16–18). Despite this evidence, no chemokine
has yet been demonstrated to have the expression pattern or
the activities required to mediate the homing of naive lym-
phocytes to secondary lymphoid organs (19).

Recently, several lymphocyte-specific chemokines have
been described that are expressed in secondary lymphoid
organs (20–22). Here we investigate one of these, secondary
lymphoid-tissue chemokine (SLC), with respect to its possible
involvement in lymphocyte homing. We demonstrate that SLC
is expressed in HEV and in areas of T cell accumulation in
spleen, Peyer’s patches, and lymph nodes. SLC is a highly
efficacious chemoattractant for lymphocytes with preferential
activity toward naive T cells. Finally, SLC induces firm adhe-
sion of naive T lymphocytes via b2 integrin binding to the
counter receptor, ICAM-1.

METHODS

Sequence Analysis. Pattern searches of the National Center
for Biotechnology Information (NCBI) sequence database
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with TFASTA (36) retrieved related SLC expressed sequence
tags (ESTs) from human and mouse. I.M.A.G.E. Consortium
(Lawrence Livermore National Laboratory) cDNA clones
332031, 389013, and 503192 (37) were obtained from Genome
Systems (St. Louis) as EcoRI-NotI inserts in the pT7T3-Pac
vector and sequenced. The Institute for Genomic Research
clone EST113564 (38) was obtained from American Type
Culture Collection and processed similarly.

RNA Expression Studies. For Northern analysis, mRNA
from mouse tissues or purified cells was subjected to gel
electrophoresis, transferred to Hybond membranes, and
probed by using the randomly primed mouse SLC EST cDNA.
A human multi-tissue dot blot (CLONTECH) was probed with
the human SLC EST. For in situ hybridizations, paraffin
sections (5 mm) from C57BL6 mice were deparaffinized, fixed
in 4% paraformaldehyde, and treated with proteinase K. After
washing in 0.53 standard saline citrate (13 5 0.15 M sodium
chloridey0.015 M sodium citrate, pH 7), the sections were
covered with hybridization solution, prehybridized for 1–3 hr
at 55°C, and hybridized overnight with sense or antisense
35S-labeled riboprobe transcribed from the full-length mouse
SLC EST. After hybridization, sections were washed at high
stringency, dehydrated, dipped in photographic emulsion
NTB2 (Kodak), stored at 4°C for 2–8 weeks, developed, and
counterstained with hematoxylin and eosin.

Production of Recombinant Proteins. The full-length mouse
and human SLC ESTs were cloned into the pVL1393 baculo-
virus transfer vector and cotransfected with BaculoGold
(PharMingen) into SF9 cells according to the manufacturer’s
instructions. For protein production, SF21 cells were infected
at a multiplicity of infection of 10–20 and cultured in serum-
free media for 60 hr. Conditioned media was cleared, loaded
onto a HiTrap heparin affinity column (Pharmacia), and
eluted with a 0.2–1 M NaCl gradient in 50 mM Hepes (pH 7.9).
Fractions containing only SLC were pooled, concentrated on
Centriplus-10 concentrators (Amicon), and dialyzed against
PBS.

Chemotaxis. Mouse lymphocytes, obtained by passing
teased spleen and lymph node cells through a 70-mm screen,
were resuspended in RPMI 1640 medium containing 5% fetal
calf serum, incubated for 1 hr at 37°C, and subjected to a
chemotactic assay (25). For the assay, 106 cells in 100 ml
medium were added to the top chamber of a 6.5-mm diameter,
5 mm pore polycarbonate Transwell insert (Costar, Cambridge,
MA) and incubated in triplicate with the indicated concentra-
tions of SLC in the bottom chamber for 3 hr. Cells migrating
to the bottom chamber were resuspended, stained with anti-
bodies to cell surface markers (CD4, CD8, B220, CD44, and
L-selectin) and subjected to flow cytometric analysis and
counted with a FACScan (Becton Dickinson). A 1:20 dilution
of input cells was similarly analyzed. In some studies, cells were
pre incubated with 100 ngyml pertussis toxin (List Biological
Laboratories, Campbell, CA) for 2 hr at 37°C. Mouse periph-
eral blood lymphocytes were obtained by erythrocyte lysis of
whole blood, and assayed as above.

Controlled Detachment Adhesion Assay. Recombinant sol-
uble ICAM-1-Fc (5–10 mgyml) (produced with a plasmid
provided by D. L. Simmons, Imperial Cancer Research Fund,
Oxford, U.K.) diluted in Tris-buffered saline pH 9.0 were
coated onto polystyrene plates that were assembled as the
lower wall in a parallel plate flow chamber and mounted on an
inverted phase-contrast microscope (Diaphot TMD). Human
naive and unfractionated T lymphocytes were isolated as
described (29). The cells (at 1 3 106 cellsyml in Hanks’
balanced salt solution supplemented with 0.2% BSA) were
incubated with SLC for 6 min at room temperature, perfused
into the flow chamber, and incubated under static conditions
for 6 min. Then flow was initiated and increased in 2-fold
increments every 10 sec. The experiments were videotaped for
analysis, and the number of cells remaining bound was deter-

mined at each interval by using National Institutes of Health’s
IMAGE 1.6 analysis package. The same field of view was used for
each experiment to ensure that the results reflected uniform
site density and distribution of the immobilized protein. All
adhesion experiments were performed a minimum of three
times. Phorbol 12-myristate 13-acetate or Mn served as a
control treatment to induce strong adhesion to the ICAM-1
substratum. For inhibition studies, the cells were pre incubated
for 20 min with 10 mgyml R3.1 (anti-aL, gift from S. Simon,
Baylor University, Waco, TX) on ice.

RESULTS

Identification of SLC. We searched the NCBI EST database
by using human MCP-1 as a template and found several
chemokine-like sequences. We then performed in situ hybrid-
ization on mouse tissues to identify those EST clones with
expression patterns suggestive of novel activities. One mouse
clone (I.M.A.G.E. Consortium clone ID 389013) hybridized
strongly to secondary lymphoid tissues (as described below).
Sequence analysis of this clone revealed a cDNA of 848 bp
encoding a 133 amino acid protein (data not shown). Anal-
ysis of a closely related human EST (clone ID 503192)
identified in the same screen revealed an 847 cDNA encod-
ing a protein of 134 amino acids with 72% amino acid
identity to the murine protein (data not shown). Both mouse
and human predicted proteins contain a chemokine consen-
sus pattern. Both proteins also contain a highly basic 34-
(mouse) or 35- (human) amino acid C-terminal extension
that includes two conserved cysteines. These proteins have
recently been described by several reports in the literature
(21, 23, 24). We refer to this chemokine by the name it was
first given, SLC.

SLC Is Expressed in HEV, T Cell Areas, and Lymphatic
Endothelium. By in situ hybridization, we found SLC to be
expressed at strikingly high levels in the HEV of lymph nodes
(Fig. 1 A, E) and Peyer’s patches (data not shown). SLC was
expressed at lower levels in the T-cell zones of lymph nodes
(Fig. 1 A), spleen (Fig. 1B), and Peyer’s patches (data not
shown), but was undetectable in the B cell areas (follicles) of
these organs. The distribution of signal in T cell zones was
suggestive of expression by stromal cells rather than lympho-
cytes. SLC was also expressed in the endothelium of small
vessels in multiple organs. These vessels were identified as
lymphatics by their characteristic anatomic location in liver
(Fig. 1F) and small intestine (Fig. 1G). SLC expression was not
detected in brain (data not shown) or in arteries or veins. In
control experiments, no hybridization was seen with an SLC
sense probe (Fig. 1 C, D, H).

To corroborate the results of in situ hybridization, we
performed Northern analysis on mRNA blots of human and
mouse tissues. Hybridization of human SLC to a human
multitissue dot blot revealed that this mRNA was most abun-
dant in lymph nodes and appendix, with moderate amounts in
spleen, small intestine, thyroid, pancreas, trachea, and salivary
gland (Fig. 2A). Multiple tissues demonstrated low level hy-
bridization. No signal was observed in any region of the brain
(data not shown) or in peripheral blood lymphocytes. In mouse
tissues, SLC was expressed most strongly in peripheral and
mesenteric lymph nodes and at lower levels in Peyer’s patches,
spleen, and thymus (Fig. 2B). Freshly isolated murine B cells,
T cells, and macrophages were negative.

SLC Stimulates Chemotaxis of Naive T Lymphocytes. Be-
cause SLC is expressed in areas of T lymphocyte entry and
accumulation, we investigated its chemotactic activity toward
lymphocyte subsets. We found that mouse SLC was a highly
efficacious chemoattractant for mouse splenic T lymphocytes,
able to stimulate the migration of over 70% of the input T cells
(Fig. 3A). At submaximal concentrations SLC showed greater
activity toward CD41 than CD81 T cells. It exhibited less

Immunology: Gunn et al. Proc. Natl. Acad. Sci. USA 95 (1998) 259



FIG. 1. Detection of SLC mRNA in mouse tissues by in situ hybridization. Sections were hybridized with antisense (A, B, E–G) or sense (C,
D, H) 35S-labeled SLC riboprobe. (A) Dark field micrograph of SLC antisense probe hybridization in lymph node. Signal is seen as white dots.
HEV are indicated by arrows. (B) SLC antisense probe hybridization in spleen. SLC sense probe does not hybridize to lymph node (C) or spleen
(D). (E) High power view of HEV from A shown in bright field demonstrating typical morphology. Signal is seen as black dots. (F) Hybridization

260 Immunology: Gunn et al. Proc. Natl. Acad. Sci. USA 95 (1998)



activity toward B cells. SLC attracted more T cells and had
greater T cell specificity than SDF-1a, described previously as
the most efficacious chemokine for resting lymphocytes (25).
SLC showed a preferential activity toward those CD41 T
lymphocytes that expressed high levels of L-selectin and low
levels of CD44 (Fig. 3B). In mice, this pattern of cell surface
markers is indicative of naive lymphocytes (26, 27). The
chemotactic response to SLC was inhibited by preincubation of
lymphocytes with pertussis toxin (Fig. 3C), consistent with
signaling through a Gai-coupled receptor. To examine the
effect of SLC on those cells that are normally recruited to
secondary lymphoid organs, we measured the chemotactic
response of mouse peripheral blood lymphocytes. SLC was a
strong chemoattractant for these cells, with greatest activity
toward CD41 and CD81 T cells (Fig. 3D).

SLC Activates b2 Integrins on T Lymphocytes. Because
SLC is expressed in HEV and can stimulate the chemotaxis of
naive lymphocytes, we predicted that it would also activate b2
integrins on T cells. To test this hypothesis, we measured the
resistance of human lymphocytes to detachment by physiologic
shear stress in a parallel plate flow chamber (19). SLC
stimulated an increase in the percentage of T lymphocytes that
remained attached to an ICAM-1 substrate as flow shear was
increased (Fig. 4A). Naive T lymphocytes responded in a
similar manner and this response could be blocked by an
anti-aL antibody (Fig. 4B).

DISCUSSION

In this study we demonstrate that SLC satisfies a number of
important criteria for a chemokine that mediates lymphocyte
homing to secondary lymphoid organs. First, SLC is expressed
in the HEV of lymph nodes and Peyer’s patches, the major site
of lymphocyte entry into these organs, and within T cell areas,
the site where lymphocytes first accumulate, in spleen, lymph
nodes, and Peyer’s patches. To our knowledge, this expression
pattern is unique to SLC. Second, SLC is the most efficacious

chemoattractant yet described for naive T lymphocytes, the
cell type predominantly recruited to secondary lymphoid
organs. Finally, SLC is the first chemokine demonstrated to

of SLC to the endothelium of small lymphatics (indicated by arrowheads) in liver. (G) Hybridization of SLC to the endothelial cells lining a central
lactile (indicated by asterisks) in small intestine. (H) Lack of hybridization to SLC sense probe in small intestine. Identified structures are: F, follicle;
T, T cell area; ca, central arteriole; A, artery; V, vein; bd, bile duct. [Bars 5 100 mm (A–D) and 50 mm (E–H).]

FIG. 2. Detection of SLC mRNA in tissues and purified cells by
Northern analysis. (A) Autoradiograph of hSLC 32P-probe hybridiza-
tion to a human multitissue dot blot. From left to right, tissues shown
are: Row 1, heart, aorta, skeletal muscle, colon, bladder, uterus,
prostate, stomach. Row 2, testis, ovary, pancreas, pituitary, adrenal,
thyroid, salivary gland, breast. Row 3, kidney, liver, small intestine,
spleen, thymus, peripheral leukocyte, lymph node, bone marrow. Row
4, appendix, lung, trachea, placenta. (B) Autoradiograph of mSLC
32P-probe hybridization to mouse northern blot. EF-1a hybridization
is shown to indicate amounts of mRNA loaded in each lane.

FIG. 3. Chemotactic activity of SLC on mouse lymphocyte sub-
types. Murine lymphocytes were subjected to chemotaxis through
5-mm pore Transwell filters. The number of input and migrating cells
of each subtype were determined by immunostaining and flow cytom-
etry. Results are expressed as the percentage of input cells of each
subtype that migrated to the lower chamber. (A) Migration of B cells,
CD41 T cells, and CD81 T cells to SLC. Peak migration of same cells
to SDF-1a is shown for comparison. (B) Comparison of naive vs.
memory cell migration in response to SLC. Naive CD41 cells are
defined as those expressing L-selectin (LSEL1) and having low levels
of CD44 (CD44 lo). Memory cells are the converse (LSEL2 and CD44
hi). (C) Inhibition of SLC-induced migration by pretreatment of cells
for 2 hr with pertussis toxin (PTX). (D) Migration of mouse peripheral
blood lymphocytes. Data points represent the mean 6 SD for exper-
iments performed in triplicate.
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stimulate the firm adhesion of lymphocytes to ICAM-1 under
physiologic shear conditions, a step required for lymphocyte
extravasation into lymph nodes and Peyer’s patches. Taken
together, these findings strongly suggest that SLC functions as
a lymphoid homing chemokine for lymphocytes.

Our findings provide new information about the role of SLC.
We show that the SLC mRNA found in secondary lymphoid
organs can be attributed to its expression in HEV and T cell
areas. We find SLC to be expressed more broadly than
reported (21, 23, 24) in nonlymphoid tissues and demonstrate
that this is due to its expression on lymphatic endothelium. The
role that SLC plays in lymphatic endothelium is unclear, but we
hypothesize that it may recruit lymphocytes from tissues into
draining lymphatics. The endothelial expression of SLC may
provide an explanation for the conserved highly basic C-
terminal extension found on this molecule. This motif may
anchor SLC within vessels, perhaps by binding to specific
anionic molecules on the endothelial glycocalyx.

The chemotactic activities of SLC that we observed toward
T and B lymphocytes are most similar to those found by
Hromas et al. (24). However, unlike that group, we found SLC
to be most active toward naive rather than memory lympho-
cytes. This may reflect a species difference in the cells studied.
Our results differ from those of Hedrick and Zlotnik, who

found unstimulated mouse splenocytes to be unresponsive to
SLC (23). This discrepancy could be due to their use of
bacterially produced SLC that may differ in activity from
protein made in eukaryotic cells.

Previous studies of the ability of chemokines to activate b2
integrins on lymphocytes have yielded contradictory results.
Lloyd et al. (28) found that several chemokines can stimulate
the adherence of peripheral blood lymphocytes to ICAM-1
coated slides. However, by using a parallel plate flow chamber,
Carr et al. (19) failed to observe such an effect. The conditions
we used to demonstrate the activation of b2 integrins by SLC
are similar to those of the later study. The only other molecule
that has been demonstrated to activate lymphocyte b2 integrin
is GlyCAM-1, a secreted L-selectin ligand expressed by endo-
thelial cells in HEV (29). It is possible that SLC and GlyCAM
act cooperatively to stimulate the firm adhesion of lympho-
cytes to HEV. This interaction should be investigated in future
studies. In addition, because SLC is expressed in the HEV of
Peyer’s patches, it will be important to investigate the ability
of SLC to activate a4b7 integrin, which is required for lym-
phocyte homing to this tissue.

One important issue that our results do not fully resolve is
the subsets of lymphocytes acted on by SLC in vivo. While we
have emphasized the effects of SLC on naive T lymphocytes,
our findings suggest that SLC may also be capable of recruiting
other lymphocyte types to secondary lymphoid organs. It has
been suggested that only naive lymphocytes enter lymph nodes
directly from the blood (30). However, more recent studies
demonstrate that memory lymphocytes also follow this route,
albeit less efficiently (31, 32). Thus, it is possible that the in
vitro chemotactic effects of SLC on memory T cells are
representative of an ability to stimulate the homing of these
cells in vivo. In studies demonstrating memory lymphocyte
homing, the ability of these cells to enter lymph nodes and
Peyer’s patches was thought to be determined in part by their
expression of L-selectin (32). It will be of interest to determine
if the degree of memory lymphocyte homing correlates with
the expression of an SLC receptor on these cells.

Consistent with published findings (24), we demonstrated
that B lymphocytes are also attracted to SLC, though much less
efficiently than T cells. Like T cells, B lymphocytes enter lymph
nodes and Peyer’s patches by crossing HEV, and initially
accumulate in T cell areas, where SLC is also expressed, before
moving to follicles (33). Given these results, it is possible that
SLC stimulates the entry of B cells into secondary lymphoid
organs and that these cells are then attracted to follicles by a
B cell specific chemokine such as the BLR1 ligand (34).
However, in view of the lower responsiveness of B cells to SLC
relative to that of T cells, we find it equally plausible that
another chemokine is responsible for the homing of B cells to
secondary lymphoid organs.

A second unresolved issue is the cell type that expresses SLC
in the T cell areas of spleen, lymph nodes, and Peyer’s patches.
SLC mRNA is not detected in lymphocytes by Northern
hybridization and Hedrick found that SLC was not represented
in cDNA libraries derived from lymphocytes or dendritic cells
(23), suggesting that these cells types are unlikely to be a
source. Consistent with these later results, we were unable to
detect SLC message in purified interdigitating dendritic cells
by in situ hybridization (data not shown). The expression of
SLC by high endothelial cells and lymphatic endothelial cells
suggests that endothelial cells within T cell areas may also be
a source. However, expression by a population of macrophages
or fibroblastic reticular cells is also possible.

In conclusion, our findings demonstrate that SLC has the
characteristics of a lymphoid organ homing chemokine. In
accord with current multistep models of leukocyte trafficking
(3, 4), we would predict that SLC, localized at high local
concentrations on HEV, interacts with a G protein coupled
receptor on rolling lymphocytes. Receptor occupancy, perhaps

FIG. 4. SLC induces shear-resistant binding of total and naive T
lymphocytes to immobilized ICAM-1. T Lymphocytes treated as
indicated were allowed to attach to ICAM-1 for 6 min under static
conditions in a parallel plate flow chamber. Flow was initiated and
increased in 2-fold increments every 10 sec. Results are expressed as
the percentage of input cells remaining bound at each flow rate. (A)
Adhesion of SLC-treated, untreated and phorbol 12-myristate 13-
acetate-stimulated T lymphocytes. (B) Effect of SLC on naive
(CD45RA1) T lymphocytes compared with untreated cells and cells
treated with SLC and an anti-aL antibody. Data points represent the
mean 6 SD for at least three separate experiments. Analysis by using
a paired two-tailed Student’s t test showed that SLC induced statis-
tically significant binding of both total T lymphocytes (P , 0.01) and
naive T lymphocytes (P , 0.05) to ICAM-1.
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in conjunction with L-selectin mediated signals (29), stimulates
an increase in b2 integrin-mediated adhesion to counterre-
ceptors such as ICAM-1. Firmly attached lymphocytes may
then follow a chemotactic or haplotactic (35) gradient into the
T cell zone. The results presented here, when considered with
our recent identification of a chemokine that stimulates the
migration of B cells into lymphoid follicles (M.D.G., V. N.
Ngo, K. M. Ansel, E. H. Eckland, J.G.C., and L.T.W.; unpub-
lished manuscript), support the emerging view that chemokine
are major cues that control the migration of lymphocytes into
and within lymphoid organs.
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