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SUMMARY

To initiate adaptive immunity, dendritic cells (DCs)
move from parenchymal tissues to lymphoid organs
by migrating along stromal scaffolds that display the
glycoprotein podoplanin (PDPN). PDPN is expressed
by lymphatic endothelial and fibroblastic reticular
cells and promotes blood-lymph separation during
development by activating the C-type lectin re-
ceptor, CLEC-2, on platelets. Here, we describe a
role for CLEC-2 in the morphodynamic behavior
and motility of DCs. CLEC-2 deficiency in DCs
impaired their entry into lymphatics and trafficking
to and within lymph nodes, thereby reducing T cell
priming. CLEC-2 engagement of PDPN was neces-
sary for DCs to spread and migrate along stromal
surfaces and sufficient to induce membrane pro-
trusions. CLEC-2 activation triggered cell spreading
via downregulation of RhoA activity and myosin
light-chain phosphorylation and triggered F-actin-
rich protrusions via Vav signaling and Rac1 activa-
tion. Thus, activation of CLEC-2 by PDPN rearranges
the actin cytoskeleton in DCs to promote efficient
motility along stromal surfaces.

INTRODUCTION

Cell motility is crucial for trafficking of leukocytes between
tissues and for their interaction with one another and their micro-
environment. As the quintessential antigen-presenting cell,
dendritic cells (DCs) rely on migration via stromal networks to
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carry antigens long distances from parenchymal tissues to
lymph nodes (LNs), where they initiate adaptive immunity and
tolerance (Turley et al., 2010). DCs generally reside in paren-
chymal tissues as immature antigen-capturing cells. Upon
encountering pathogens or tissue damage, DCs undergo matu-
ration, which promotes the processing and presentation of major
histocompatibility complex (MHC)-peptide complexes, upregu-
lation of costimulatory molecules, and DC migration to LNs
(Randolph et al., 2005). Migratory DCs utilize the lymphatics as
highways to move to regional LNs where they have the highest
chance of interacting with the appropriate antigen-specific T cell.

Toreach LNs, tissue-resident DCs must first crawl to and enter
afferent lymphatics, which begin as blind-ended vessels within
most parenchymal tissues and convey lymph toward the
thoracic duct (Randolph et al., 2005). Upon arrival at LNs, DCs
traverse the floor of the lymph-draining subcapsular sinus, pene-
trate the parenchyma, and then crawl along fibroblastic reticular
cells (FRCs) in the T cell-rich paracortex. To date, the only well-
established directional cues guiding tissue-derived DCs to the
LN paracortex are the chemokines CCL19 and CCL21 (Forster
et al.,, 1999; Schumann et al., 2010), two CCR7 ligands ex-
pressed by lymphatic endothelial cells (LECs) and FRCs (Link
et al., 2007). However, how these chemokines act as functional
gradients across such vast distances has not been adequately
explained, which raises the question of whether additional
hitherto-undiscovered migration mechanisms may also be in-
volved. Recent studies demonstrated that tissue-derived DCs
can migrate from tissues to LNs using amoeboid, integrin-
independent mechanisms (Ldmmermann et al., 2008; Frittoli
et al,, 2011). However, the specific molecules that support
amoeboid movement and initiate cytoskeletal rearrangements
to cause spreading and translocation of DCs along stromal
scaffolds remain elusive.
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We identified the transmembrane glycoprotein podoplanin
(PDPN, gp38, T1a) as a candidate molecule that migratory
DCs encounter en route to LNs because of its high expression
by both LECs and FRCs (Link et al., 2007; Peduto et al., 2009).
Interestingly, a steady-state function of PDPN in mature
lymphatic vessels and on FRCs has not been defined. Previous
studies have shown that PDPN is required for separation of
blood and lymphatic vessels during development, because
PDPN on lymphatics is engaged by CLEC-2 on platelets and
leads to platelet aggregation and vessel separation (Bertozzi
et al., 2010). Thus, on most backgrounds, Pdpn~~ mice die
shortly after birth due to severe defects in lymphatic-vessel
formation leading to fatal edema (Bertozzi et al., 2010). PDPN
has been reported to be upregulated by dermal fibroblasts
exposed to inflammatory mediators. PDPN expression is also
increased on tumor cells, believed to promote tumor cell inva-
sion and metastatic spread, and correlated with poor prognosis
(Wicki and Christofori, 2007).

CLEC-2 (encoded by Clec1b) is a member of the dectin-1
subfamily of C-type lectin receptors (CLRs) and is the receptor
for PDPN (Watson et al., 2010). CLEC-2 expression by leuko-
cytes, including human DCs, was reported over a decade ago
(Colonna et al., 2000), but its function in these cells has remained
enigmatic. CLEC-2 was first discovered on platelets as the
receptor that induces aggregation following exposure to the
snake toxin rhodocytin. Similar to Pdpn™~ mice, Clec1b™~
mice are embryonic lethal due to profound defects in vascular
development (Suzuki-Inoue et al., 2010). In vitro studies have
shown that CLEC-2 plays a role in endocytosis by neutrophils
(Kerrigan et al., 2009) and may mediate engulfment of HIV type
1 (Watson et al., 2010). CLEC-2 binds to PDPN via its extracel-
lular C-type lectin-like domain, which promotes CLEC-2 multi-
merization at the plasma membrane (Watson et al., 2010).
CLEC-2 contains a hemi-immunoreceptor tyrosine-based acti-
vation motif that has a single YXXL sequence in its cytoplasmic
tail. CLEC-2 activation in platelets initiates a tyrosine-phosphor-
ylation signaling cascade mediated by Src, Syk, Vav, SLP-76,
and PLCy family members (Watson et al., 2010). Syk has recently
been reported to mediate phosphorylation of CLEC-2 in myeloid
cells as well (Mourdo-S4 et al., 2011). Vav phosphorylation is
required for PLCy activation in platelets, and CLEC-2-induced
platelet aggregation is attenuated in the absence of Vav1 and
Vav3 (Pearce et al., 2004). Our results, described below, reveal
a role for CLEC-2 in the migratory behavior of DCs, whereby
CLEC-2-mediated rearrangement of the actin cytoskeleton is
induced by interactions with the PDPN-rich stromal scaffold.

RESULTS

DCs Interact Closely with the PDPN-Rich Lymphatic
Vessels and FRC Scaffold

Stromal cells provide three-dimensional (3D) scaffolds and
molecular cues that coordinate leukocyte migration and com-
partmentalization within lymphoid organs (Bajénoff et al.,
2007). En route to LNs, DCs migrate through lymphatics and
along the FRC network to reach the T cell zone. Previous studies
have shown that DCs make contact with LECs upon emigrating
from peripheral tissues (Baluk et al., 2007; Stoitzner et al., 2002);
however, it has not been previously demonstrated whether DCs

make direct contact with LECs or FRCs in vivo. Using multi-
photon intravital microscopy, we observed that DCs migrating
into the LN interacted closely with afferent lymphatic vessels
(Figure S1A available online), often for many minutes, before
squeezing between collagen fibers and entering the LN (Fig-
ure S1B and Movie S1). Electron microscopy further revealed
close contact between DCs and FRCs within the subcapsular
sinus (Figure S1C).

LECs and FRCs, which line the structures that DCs utilize
during migration to the T cell zone of the LN, express PDPN at
their surfaces (Farr et al., 1992). However, the precise distribu-
tion, localization, and abundance of this glycoprotein under
steady-state and inflammatory conditions has not been previ-
ously described. With the use of whole-mount staining of ear
skin, PDPN was found to be expressed both at the tips and along
the length of lymphatic vessels, with a mostly uniform distribution
(Figure 1A). Using microarray and cytometric analysis of LN
stromal cell subsets, we found that PDPN was expressed at the
messenger RNA (mRNA) and protein levels by LECs and FRCs,
but not by blood endothelial cells (Figures 1B-1D). Furthermore,
we found that the amounts of Pdpn mRNA and protein and the
localization of PDPN on lymphatics were unchanged during
inflammation (Figures 1C-1E). These results suggest that PDPN
is constitutively expressed by stromal structures in skin, lym-
phatics, and LNs under resting and inflammatory conditions.

CLEC-2 Expression by DCs

Next, we sought to determine whether the DCs express the
PDPN receptor, CLEC-2. CLEC-2 is reportedly expressed by
human and mouse platelets and various myeloid cell types,
including blood neutrophils, spleen DCs, bone-marrow-derived
DCs (BMDCs), and peritoneal macrophages (Bertozzi et al.,
2010; Colonna et al., 2000; Kerrigan et al., 2009; Mourdo-Sa
etal., 2011). Consistent with those reports, we found that Clec1b
mRNA was expressed by BMDCs (Figure 2A). We also found that
Clec1b mRNA was expressed by DCs freshly isolated from skin
and LNs (Figure 2A). LN and skin DCs expressed ~750-fold and
~1,200-fold higher amounts of Clec1b mRNA, respectively, than
FRCs, which served as a negative control. BMDCs expressed
~100-fold higher amounts of Clec1b mRNA than the negative
control. Using flow cytometry with recombinant PDPN-Fc
(rPDPN-Fc), which binds specifically to CLEC-2, we confirmed
surface expression of CLEC-2 on BMDCs (Figure 2B) and LN
DCs (Figure 2C). Thus, DCs from skin, LN, and bone-marrow
cultures express CLEC-2 at the mRNA and protein levels.

Next, we examined whether CLEC-2 surface expression
by DCs changed upon exposure to an inflammatory mediator.
We found that exposure to lipopolysaccharide (LPS) caused
CLEC-2 surface expression to increase ~2-fold (Figure 2D).
However, in studies where we monitored the subcellular localiza-
tion of CLEC-2 using A375 cells transfected with a CLEC-2-
green fluorescent protein (GFP) fusion protein, we found that
this molecule rapidly clustered at the plasma membrane and
then partially internalized in a dynamin-dependent manner into
vesicular structures (Figure 2E and data not shown). Thus,
CLEC-2 may be upregulated on the DC surface following expo-
sure to an inflammatory stimulus, but in a stromal cell niche
where PDPN is constitutively present, some portion of CLEC-2
may be quickly internalized following ligand engagement.
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Figure 1. Pdpn mRNA and Protein Expression by LECs and FRCs

(A) Fluorescence microscopy of tissue whole mounts and schematics of ear skin at resting state. The scale bar represents 100 pm.

(B) Representative dot plots showing proportion of stromal cells (CD457) (left panel) and subsets of lymphoid stromal cells (FRCs, CD31~PDPN*; LECs,
CD31*PDPN*; blood endothelial cells (BECs), CD31*PDPN") (right panel) in draining LNs at rest. SSC, side scatter.

(C) Graph representing the expression value (EV) of Pdpn mRNA from microarray analysis of sorted BECs, LECs, and FRCs from resting or inflamed LNs.

(D) Graph showing mean fluorescence intensity (MFI) of surface PDPN on BECs, LECs, and FRCs isolated from draining LNs 24 hr after intradermal injection of
PBS (resting) or LPS (inflamed) into ear skin. Data represent mean values and SD from four independent experiments.

(E) Fluorescence microscopy of ear skin whole mounts at 0 (resting) and 24 hr (inflamed) after intradermal LPS injection. Fluorescence images show overlays of
PDPN (red) and Lyve-1 (green) antibody staining in the tips and along the lengths of afferent lymphatic vessels. Representative black and white images from three
independent experiments show individual PDPN and Lyve-1 stains. The scale bar represents 20 pm.

CLEC-2 Expression Is Required for Efficient DC
Migration to LNs

Given that PDPN is expressed along the entire migratory route
from skin to LNs and that DCs in these sites express the PDPN
receptor, CLEC-2, we tested whether the CLEC-2 pathway
contributed to their migration using several approaches. As a first
test, we employed fluorescein isothiocyanate (FITC) skin
painting to examine migration of skin-resident DCs to LNs in
mice lacking CLEC-2. Because Clec1b™'~ mice exhibit neonatal
lethality, fetal liver chimeras (FLCs) were generated from wild-
type (WT) and Clec1b~'~ embryos for evaluation of CLEC-2 func-
tion. Six weeks after reconstitution, CLEC-2 expression was
analyzed in CD11¢* and CD11¢™ LN cells from WT or Clec1b ™/~
FLCs. As expected, Clec’b mRNA signal was detected in
CD11c* cells from WT FLCs, but not Clec1b™'~ FLCs (Figure 3A).
Notably, the Clec1b mRNA in WT FLCs tracked with CD11c*
cells (Figure 3A), suggesting that CLEC-2 is not highly expressed
by CD11c™ cells in LNs. Ears of WT and Clec7b™~ FLCs were
painted with FITC, and draining LNs were analyzed via flow cy-
tometry 24-72 hr later. WT migratory DCs (FITC*CD11c*MHCII™)
entered the draining LNs at 24 hr; however, the percentage and
total numbers of Clec1b™'~ DCs were significantly reduced
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compared with WT DCs (30% and 50%, respectively; Figures
3B-3D). By 72 hr, the numbers of FITC*CD11c*MHCII"' DCs
present in draining LNs had decreased compared with the
24 hr time point, and no differences were observed between
the conditions (Figures 3B and 3D). That no significant difference
was measured at this time point could reflect a more important
function for CLEC-2 in dermal DCs, which migrate to LNs more
rapidly than Langerhans cells. However, the dependence of
Langerhans cells, which arrive in peak numbers at 72 hr, on
CLEC-2 could not be directly evaluated in our FLCs due to their
radioresistant nature (Randolph et al., 2005). Consistent with the
decrease in Clec1b™~ DC migration at 24 hr, LN cellularity was
reduced 30% at 72 hr in Clec1b™'~ compared with WT FLCs
(Figure 3E). This difference probably reflects an impaired adap-
tive immune response resulting from a combination of reduced
numbers of migratory DCs arriving at earlier time points and
the inability of the Clec1b™~ DCs to efficiently enter the T zone
and crawl along the FRC scaffold.

As a second test, competitive in situ migration assays with WT
and Clec1b™'~ BMDCs were performed. WT and Clec1b™/~
DCs were labeled with carboxyfluorescein succinimidyl ester
(CFSE) and far-red dyes, respectively, mixed in equal numbers
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Figure 2. Clec1b mRNA and Protein Expression by DCs

(A) Quantitative PCR analysis of Clec1b mRNA levels in FRCs (negative control), BMDCs, LN DCs, and skin DCs. LN and skin DCs were sorted from primary
tissues via flow cytometry. Values above bars depict the mRNA level relative to the negative control. Error bars represent mean and SD for three independent
experiments.

(B) Flow-cytometry analysis of surface CLEC-2 protein using rPDPN-Fc on WT (solid line) and Clec1b™’~ (dashed line) BMDCs. The gray line (filled histogram)
represents the secondary control.

(C) FACS analysis of surface CLEC-2 protein using rPDPN-Fc on freshly isolated WT LN DCs (solid line). Gray line (filled histogram), secondary control.

(D) Flow cytometry analysis of surface CLEC-2 protein using rPDPN-Fc on BMDCs treated for 12 hr with LPS (solid line) or left untreated (dashed line). The gray
line (filled histogram) represents the secondary control.

(E) Representative fluorescence microscopic images from three independent experiments of A375 cells transfected with CLEC-2-GFP that were either stimulated
with rhodocytin or left untreated. Top panels, overlay of F-actin (red), DAPI (blue), and CLEC-2-GFP (green). Bottom panels, CLEC-2-GFP fluorescence alone.

Scale bars represent 50 pm.

(2 x 10° of each), and coinjected into the same footpad. Donor
DCs arriving in the draining (popliteal) and distal LNs were
enumerated 24 hr later via flow cytometry. The numbers of
Clec1b™~ DCs were significantly reduced compared with their
WT counterparts, and WT DCs migrated 3-fold more efficiently
from skin to LN (Figures 3F and 3G). Similar results were ob-
tained in experiments in which far-red-labeled WT and CFSE-
labeled Clec1b™~ DCs were used, thereby ruling out any
specific effect of the fluorescent dyes on migration (data not
shown). As a third approach to confirm the role of CLEC-2 in
migration, DCs were treated with rPDPN-Fc protein prior to
injection to occupy surface CLEC-2 (see Figure 2B) and thereby

outcompete its capacity to bind endogenous PDPN on stroma.
Enumeration of migratory DCs in the draining LN revealed that
engagement of CLEC-2 with rPDPN-Fc prior to injection signifi-
cantly reduced their capacity to reach LNs (Figure S2A). Finally,
we tested the role of PDPN in DC migration from skin to LN
following local injection of short interfering RNA (siRNA). When
PDPN expression was reduced on stromal cells, DC migration
to the draining LN was reduced by 50% (Figures S2D-S2F).
Our results thus far suggested that efficient migration of DCs
requires CLEC-2 binding to PDPN on the surface of stromal cells
lining their migratory path. However, another possible explana-
tion was that Clec1b™/~ DCs displayed intrinsic defects in
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Figure 3. DCs Utilize CLEC-2 for Efficient Migration from Skin to Draining LNs
(A) RT-PCR analysis of Clec1b mRNA in CD11c* and CD11c™ cells that were magnetic-activated cell sorting (MVACS)-purified from WT or Clec1b™~ FLCs.
(B) Percentages of migratory (MHCII"FITC*) DCs among total donor (CD45.2*) DCs in draining LNs of WT and Clec7b ™/~ FLC mice at 24 and 72 hr post-FITC

painting. Error bars represent mean and SD.

(C) Representative dot plots (gated on CD45.2*CD11c™ cells) showing MHCII"FITC* DCs in WT and Clec1b™~ FLCs 24 hr after FITC painting.
(D) Total numbers of migratory donor (CD45.2*CD11c*MHCIIMFITC*) DCs in draining LNs of WT and Clec1b™~ FLCs at 24 and 72 hr post-FITC painting. Error

bars represent mean and SD.

(E) Total cellularity in draining LNs collected from WT and Clec7b™/~ FLCs 24 and 72 hr after FITC painting. Error bars represent mean and SD.
(B, D, and E) Data represent ten mice per experimental condition from three independent experiments.
(F) FACS analysis of popliteal (draining) and axillary (distal) LN 24 hr after injection of WT (CFSE*) and Clec7b ™/~ (Far red*) DCs mixed in equal numbers (2 x 10° of

each) prior to injection into the footpad.

(G) Quantification of DCs arriving in popliteal LNs 24 hr after footpad injection. Data represent 15 mice per experimental condition from three independent

experiments. Error bars represent mean and SD.

(H) Histograms showing OT-1 T cell proliferation (CFSE dilution) in popliteal LN following footpad injection of OVA-peptide-loaded WT and Clec1b™~ DCs.

Numbers show the percentage of divided cells among donor OT-1 T cells.

(I) Summary of data, as in (H). Data are shown as a division index. Error bars represent mean and SD.

(J) Histograms showing proliferation of OT-1 T cells upon coculture of naive, CFSE-labeled OT-1 T cells with OVA-peptide-loaded WT and Clec1b™'~ DCs for
48 hr. Numbers indicate the percentage of divided cells among donor OT-1 T cells. Data are representative of three independent experiments.

(K) Percentage of WT or Clec1b™~ DCs that captured particulate antigen (fluorescently labeled latex beads). Error bars represent mean and SD.

responsiveness to motility cues, such as CCRY7 ligands, or to
maturation stimuli. To address this possibility, we first compared
the ability of WT and Clec7b~/~ DCs to migrate toward a CCL21
gradient in a transwell plate. Importantly, both sets of DCs
migrated efficiently into the lower chamber in response to the
chemokine, and no significant differences were observed (Fig-
ure S2G). These data demonstrate that responsiveness to
CCRY ligands is not impaired in Clec7b™~ DCs, leading us to
conclude that the migration defect observed in Clec1b™'~ DCs
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was due to a CCR7-independent signaling pathway directly
downstream of CLEC-2. Second, we evaluated the ability of
WT and Clec1b~/~ DCs to mature in response to a proinflamma-
tory stimulus. Clec1b™'~ BMDCs exhibited the same phenotype
as their WT counterparts (Figure S2H) and responded normally to
LPS by upregulating surface MHC class Il and B7-2 (CD86) (Fig-
ure S2l). Thus, the impaired migratory potential of Clec7b™~
DCs was not due to intrinsic defects in chemotaxis, nor was it
due to maturation.
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To determine the functional significance of migratory defects
observed in Clec1b™'~ DCs, we assessed the ability of migratory
DCs to stimulate naive T cells in vivo. First, mice received oval-
bumin (OVA)-peptide-loaded DCs from WT or Clec1b~'~ donor
mice via footpad injection, followed by intravenously adminis-
tered naive, CFSE-labeled OT-1 T cells 1 day later. OT-1 T cell
proliferation was significantly impaired in mice that received
Clec1b™'~ DCs compared with their WT counterparts (Figures
3H and 3l). Similar results were also observed when WT DCs
were preincubated with rPDPN-Fc prior to injection (Figures
S2B and S2C).

Second, we evaluated whether the impaired T cell responses
with Clec1b™’~ DCs were due to a difference in their capacity for
capturing or presenting antigen. Anin vitro T cell activation assay
was used to compare the ability of WT and Clec1b™~ DCs to
stimulate antigen-specific T cells. DCs were pulsed with OVA
peptide (SIINFEKL) and then cocultured with naive, CFSE-
labeled OT-I T cells. As shown in Figure 3J, OT-I T cells divided
to the same extent whether WT or Clec1b™~ DCs served as
antigen-presenting cells. We then examined whether endocytic
activity might explain the different abilities of WT and Clec7b™/~
DCs to stimulate T cell responses in vivo and found that WT and
Clec1b™~ DCs exhibited equal antigen-uptake activity (Fig-
ure 3K). Thus, Clec1b™~ DCs exhibit alterations in migration
but appear to capture and present soluble antigens normally.
Collectively, these data suggest that CLEC-2 contributes to
adaptive immunity by fostering migration of antigen-bearing
DCs from tissues to LNs.

Migratory DCs Use CLEC-2 at Multiple Junctures En
Route to LNs

Having shown that migratory DCs probably encounter PDPN at
various points along their migration to LNs, we next determined
precisely where the CLEC-2-PDPN interaction played a role.
Intravital microscopy of ear skin was employed for evaluation
of whether CLEC-2 was important for DC entry into afferent
lymphatics. WT DCs rapidly associated with and were able to
enter lymphatic vessels (Figures 4A and 4C). In contrast, the
majority of Clec1b™~ DCs remained in the dermis and failed to
interact with lymphatic structures (Figures 4B and 4C). Overall,
there was a 30% decrease in the amount of Clec1b™~ DCs
that entered lymphatics. Furthermore, WT DCs were able to
migrate from the subcapsular sinus deep into the LN paren-
chyma, whereas Clec1b™~ DCs were impaired in accessing
the paracortex and remained relatively close to the capsule, re-
sulting in a 40% reduction in the distance migrated (Figures 4D
and 4E). Finally, we evaluated the motile behavior of WT and
Clec1b™~ DCs within LNs. Both WT and Clec1b™'~ DCs pene-
trated agarose-embedded LNs and showed motile behavior
therein (Figure 4F, Movie S2); however, fewer Clec1b~’~ DCs in-
filtrated the tissue (data not shown) compared with their WT
counterparts, despite equal starting numbers of WT and
Clec1b™~ DCs. The directionality, displacement, and velocity
of DCs that penetrated the tissue were determined over a
120 min period. WT DCs exhibited greater displacement (Figures
4G and 4H) and higher velocity (Figure 4l) compared with
Clec1b™~ cells, whereas directionality was equivalent among
the two DC populations (Figure 4G). Thus, CLEC-2 expression
by DCs supports their motility at multiple points along the journey

to LNs: from their entry of dermal lymphatics to migration into the
LN paracortex.

CLEC-2 Activation Leads to Protrusion Formation and
Stabilization in DCs

Next, we sought to investigate the mechanism by which CLEC-2
promotes DC migration. Initially, we asked whether CLEC-2
activation might trigger DC maturation, which is known to
promote migratory potential, but no activation was observed
upon rhodocytin treatment (Figure S3). Time-lapse imaging
was then employed to examine the morphodynamic behavior
of DCs following CLEC-2 activation. DCs were cultured in 3D
collagen matrices (Hooper et al., 2006) following treatment with
either rPDPN-Fc or rhodocytin. Notably, CLEC-2 activation trig-
gered vigorous protrusive activity in WT DCs, with multiple,
highly branched protrusions extending simultaneously from the
cell body (Figure 5A, Movie S3). In contrast, Clec1b™'~ DCs
maintained a rounded morphology following stimulation with
either ligand (Figures 5B and 5C), indicating that protrusion
activity triggered by rPDPN-Fc or rhodocytin was CLEC-2-
dependent. Compared with untreated DCs, which maintained
a more rounded morphology and displayed small and short-lived
pseudopods (Figures 5A-5C, Movie S3), CLEC-2 ligand-induced
protrusions extended greater distances (Figure 5D) from the cell
body, were more abundant (Figure 5E), and persisted for longer
periods of time (Figure 5F). Thus, CLEC-2 activation triggers
dramatic changes in the morphodynamic behavior of DCs,
driving the generation and stabilization of cell protrusions.

The PDPN-CLEC-2 Interaction Is Necessary and
Sufficient to Induce DC Protrusions

To further dissect the roles of CLEC-2 and PDPN in DC migration
along stromal cell scaffolds, we engineered a 3D model of the LN
stromal network by seeding primary LN FRCs into a deformable
matrix. In 3D, FRCs maintained high expression of PDPN and
remodeled the matrix to form an extensively branched, large
(50-300 um in length) reticular structure, reminiscent of the
collagen network of the LN paracortex (Figure 6A, compare to
Figures 4D-4F). Highly motile leukocytes, such as DCs and B
cells, that were coseeded into the networks interacted with the
FRC scaffold (Figures 6A and 6B and data not shown). Time-
lapse imaging revealed that upon contact with FRCs, DCs
extended protrusions and then spread along the stromal cell
surface (Figure 6C). Where DCs reached a branch in the FRC
scaffold, protrusions were often simultaneously induced along
both potential tracks before one was retracted (Movie S4).
Notably, PDPN rapidly accumulated at sites of contact between
DCs and FRCs (Figure S4A).

Once the DCs adhered to and spread along the FRCs, they
began migrating while maintaining close contact with the
FRCs. The DCs generally migrated relatively long distances
on the FRC network: between 50 and 300 um in any one direc-
tion over 60 min (Figure 6D, Movies S4 and S5). In contrast,
DCs not in contact with the FRC network, or cultured
alone, were relatively immotile (Figure 6Diii). Interestingly, we
found that FRCs isolated from the spleen formed similar
networks when seeded into a 3D matrix and also supported
DC migration (data not shown). We also evaluated whether
any tensile cell scaffold could induce DC migration by creating
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Figure 4. Clec1b™ DCs Exhibit Impaired Migration In Vivo

(A) Z projection of ear dermis incubated with WT BMDCs (Ai). Lymphatic vessels are shown in green and infiltrating DCs are shown in red. The scale bar indicates
100 um. Zoomed image showing DCs interacting with lymphatic vessel (Aii).

(B) Z projection of ear dermis incubated with Clec7b~'~ BMDCS (Bi). The scale bar indicates 100 pm. Zoomed image showing DCs interacting with lymphatic
vessel (Bii).

(C) Quantification of localization of WT and Clec1b™~ DCs within ear sheets. Data are collated from three independent experiments. Error bars represent mean
and SD.

(D) Z projection of LN from a Ub-GFP BM chimeric mouse (WT BM > Ub-GFP host) injected with WT and Clec1b~'~ DCs 24 hr prior to dissection and fixation (Di).
The GFP™* stroma is shown in white, WT DCs are shown in red, and Clec1b~'~ DCs are shown in green. The scale bar indicates 100 um. Location of WT DCs
relative to LN capsule (dotted line) (Dii). Location of Clec1b™'~ DCs relative to LN capsule (dotted line) (Diii).

(E) Quantification of distance from the LN capsule. Error bars represent mean and SD.
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matrices with NIH 3T3 fibroblasts. When seeded into the NIH
3T3 network, DCs made contact with the fibroblasts but did
not migrate efficiently (Figure 6Diii), despite the fact that these
cells formed a branched network reminiscent of the FRC
scaffolds.

To determine the molecular mechanisms underlying DC
migration along FRCs, we first examined the impact of known
motility cues. Interestingly, we found that DC migration in the
in vitro 3D network occurred independently of CCR7 and its
ligands CCL19 and CCL21, as FRCs rapidly downregulated their
expression of both CCL19 and CCL21 when cultured ex vivo,
and Ccr7~/~ DCs migrated as efficiently as WT DCs along the
scaffold (Figures S4B-S4D). We also tested the requirement of
integrins by utilizing FRCs cultured from lcam?~~ mice and
found, in agreement with published studies, that DCs did not
require engagement of this adhesion molecule for migration
along stromal networks (Figures S4E-S4G).

Having ruled out a role for CCR7 and ICAM-1 in our 3D model
of DC motility, we next directly evaluated whether CLEC-2 acti-
vation by PDPN influenced DC migration along FRC scaffolds.
To this end, we coseeded 3D matrices with different combina-
tions of DCs and FRCs lacking either CLEC-2 or PDPN and
examined DC migration on the networks. When seeded in WT
FRC matrices, Clecib™~ DCs were profoundly impaired in
migration on the FRC network compared with WT DCs (Fig-
ure 6E). In addition to impaired migration, Clec1b™~ DCs also
failed to spread along the stromal cell surface, exhibiting
a distinctly rounded morphology (Figure 6E and Movie S6).
These results suggest that DCs still make contact with the FRC
network in the absence of CLEC-2 but lack the ability to spread
and crawl on this surface.

We also examined the role of PDPN in DC migration along
stromal scaffolds. Initially, we compared the motility of WT
DCs in networks formed by NIH 3T3 fibroblasts or FRCs. As
shown in Figure 6Diii, DCs did not migrate efficiently on the
NIH 3T3 fibroblasts compared with FRCs. Interestingly, NIH
3T3 cells express 80% less PDPN than cultured FRCs (Fig-
ure S4H), which led us to further examine the sufficiency of
PDPN on stroma in this interaction. To this end, we took
a gain-of-function approach by overexpressing cyan fluores-
cent protein (CFP)-PDPN in NIH 3T3 cells to ascertain whether
elevated levels of this protein would incite DC migration.
Expression of CFP-PDPN in these cells caused morphologic
changes that were consistent with previous reports linking
PDPN expression with increased invasiveness in cancer cells
(Wicki and Christofori, 2007). The CFP-PDPN* NIH 3T3 cells
no longer formed extensive networks; however, they did exhibit
a stellate morphology when coseeded with DCs in the 3D
matrices. Interestingly, we observed enhanced interactions
between DCs and CFP-PDPN* NIH 3T3 cells compared with
the control NIH 3T3 cells (data not shown). Furthermore,

consistent with a requirement for CLEC-2 activation by PDPN
in this niche, we found that DC migration was severely dimin-
ished in networks formed by Pdpn™~ FRCs compared with
WT FRCs (Figure 6F, Movie S7, and Figure S4l). Similarly,
WT DCs were markedly less efficient at spreading and
migrating on FRCs in which PDPN surface levels were reduced
following transfection with PDPN-targeting siRNAs compared
with control siRNA-transfected FRCs (Figure 6Fiii and Fig-
ure S4J). Thus, our findings suggest that PDPN is required
for DCs to spread and migrate efficiently along the FRC
surface.

To investigate whether CLEC-2 activation was sufficient to
induce protrusion formation, we utilized A375 cells, a human
melanoma cell line lacking CLEC-2 expression that migrates in
an amoeboid manner and exhibits a rounded morphology
(Pinner and Sahai, 2008). Control A375 cells that were seeded
into the 3D matrix maintained their rounded morphology and
did not form protrusions, whether they were in contact with
FRCs or not (Figures 6G and 6H). In contrast, A375 cells express-
ing GFP-CLEC-2 formed long protrusions only when in contact
with FRCs (Figures 6G and 6H). These results demonstrate
that overexpression of CLEC-2 by a cell type that normally lacks
it is sufficient to incite the formation of protrusions in response to
contact with PDPN-rich FRCs. Therefore, PDPN activation of
CLEC-2 is necessary and sufficient to induce dynamic protru-
sions and spreading to support migration of DCs, and potentially
any CLEC-2-expressing cell type, along PDPN-rich stromal
scaffolds.

CLEC-2 Signaling Coordinately Reduces Actomyosin
Contractility and Promotes Actin Polymerization

To elucidate the mechanism by which CLEC-2 activation
promotes cell motility, we investigated how engagement by its
ligands affects the actin cytoskeleton. CLEC-2 activation by
either rPDPN-Fc or rhodocytin led to a marked accumulation
of F-actin in the tips of newly extended protrusions, suggesting
that actin polymerization drives their formation (Figure 7A).
CLEC-2 signaling has been shown to activate a cascade of tyro-
sine-kinase signaling involving Vav (Pearce et al., 2004). Given
that Vav family members can also function as exchange factors
for Rho family GTPases (Graham et al., 2009), master regulators
of the actin cytoskeleton (Nobes and Hall, 1995), we investigated
whether the morphologic changes in DCs upon CLEC-2
activation were dependent on Vav. Whereas WT DCs exhibited
extensive protrusions upon stimulation with rhodocytin,
Vav1~~Vav2~/~Vav3~'~ DCs maintained a rounded morphology
upon CLEC-2 activation (Figure 7B). Indeed, the morphology of
the Vav1~~Vav2~/~Vav3~~ DCs was highly reminiscent of the
Clec1b™'~ DCs shown in Figure 5B (data not shown). These
data indicate that the cytoskeletal rearrangements and actin-
rich protrusions formed in DCs upon CLEC-2 activation are

(F) Z projection of vibratome-cut GFP-ubiquitin LN slice showing the position of WT (red) and Clec7b ™/~ (green) infiltrated DCs (Fi). GFP* lymph node stromal cells
are shown in white. The scale bar indicates 100 um. Overlay showing tracks of WT (red) and Clec1b™/~ (green) DCs on GFP* LN (white) over 2 hr period of time-
lapse imaging (Fii). Tracks of WT (red) and Clec7b ™/~ (green) DCs within LN slice (Fiii).

(G) Representative plots showing directionality of migrating WT and Clec1b™~ DCs within LN slices of Ub-GFP BM chimeric mouse with GFP* stroma. Tracks

were adjusted to begin at origin (0.0) and overlaid. The axes span 150 um.

(H and I) Displacement (H) and velocity (I) of WT and Clec7b™'~ DCs within LN slices of Ub-GFP BM chimeric mouse. Data are collated from eight LN slices from
four different donors, from three independent experiments. Error bars represent mean and SD.
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Figure 5. CLEC-2 Activation Induces Protrusion Formation in DCs

(A and B) Time-lapse imaging of control-, PDPN-Fc-, and rhodocytin-treated WT (A) and Clec1b ™'~ (B) BMDCs at 0, 5, and 10 min after stimulation. Scale bars

represent 20 um. Far-right panels, overlays of still traces from each time point.

(C—F) Morphology index (C), protrusion length (um) (D), number of protrusions per cell (E), and protrusion persistence (min) (F) for control, rPDPN-Fc, and
rhodocytin-treated DCs from WT and Clec1b™~ FLCs, as in (A) and (B). Error bars represent mean and SD.

driven by a similar cascade of tyrosine-kinase signaling, depen-
dent on Vav, as has been described in CLEC-2-induced platelet
aggregation (Watson et al., 2010).

The small G protein Rac1 is known to promote the nucleariza-
tion and polymerization of actin filaments, and its activation is
classically characterized by the spreading of lamellipodia and
induction of membrane ruffles (Nobes and Hall, 1995; Olson
and Sahai, 2009). Furthermore, rhodocytin activation of
CLEC-2 in platelets has been shown to activate Rac1 (Watson
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et al., 2010). To examine whether the cytoskeletal changes that
we observed following CLEC-2 activation by PDPN were indica-
tive of Rac1 activation, GFP-CLEC-2* A375 cells were treated
with CLEC-2 ligands and examined in two-dimensional (2D)
culture. A375 cells expressing GFP-CLEC-2 spread rapidly
upon exposure to rhodocytin and within 5 min had spread to
cover nearly twice the surface area of neighboring untransfected
cells (Figures 7C and 7D). To directly ascertain whether CLEC-2
signaling triggers actin polymerization via Rac1, we measured
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Figure 6. CLEC-2-PDPN Interaction Is
Required for DC Migration Along, but Not
Attachment to, the FRC Network

(A) Z projection of 3D FRC network with DCs. The
scale bar represents 100 um.

(B) Representative cross-section of FRC in 3D
culture showing PDPN localization at the plasma
membrane. The scale bar represents 5 um.

(C) Time-lapse imaging (top) and schematic
(bottom) of DC-FRC interaction at 1, 3, 6, and 9 min
after contact.

(D) Transmitted-light image of WT DCs interacting
with WT FRCs in 3D network (Di). The scale bar
represents 50 pm. Diagram showing tracks of
migrating DCs over 1 hr time course (Dii). Quanti-
fication of DC migration along primary FRCs or NIH
3T3 fibroblasts in 3D network (Diii). Each point
represents the path of one DC collated from >
three independent experiments.
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experiments demonstrated that Rac1
activity was indeed increased as a result
of CLEC-2 activation (Figures 7E and
7F). Together, these results suggest that
CLEC-2 signaling, initiated by ligand
engagement, triggers actin polymeriza-
Con PDPN PDPN Pdpn tion and protrusion formation via Rac1.
SIRNASIENA SIENA Next, we sought to understand how
H CLEC-2 activation promotes spreading
= along the stromal cell surface. RhoA is
known to induce myosin light chain
(MLC) phosphorylation and increase
actomyosin contractility through its inter-
action with Rho kinases (Parri and Chiar-
ot ugi, 2010). We wondered whether
cLEc-2* cLec2*  CLEC-2 signaling may alter RhoA activity
Notin ~ In contact to reduce actin contractility and thereby
permit a DC or other CLEC-2-expressing
cell to spread along the stromal cell
the levels of guanosine triphosphate (GTP)-bound Rac1 relative  surface. To this end, we quantified the amounts of GTP-bound
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Figure 7. CLEC-2 Signaling Coordinately Reduces Actomyosin Contractility and Promotes Actin Polymerization

(A) F-actin and DAPI staining of control, rhodocytin, and rPDPN-Fc-treated DCs. The scale bar represents 20 um.

(B) Morphology index of WT and Vav1~~Vav2~~Vav3~'~ DCs. Data are collated from three individual experiments, and each data point represents the
morphology of an individual DC. Error bars represent mean and SD.

(C) Immunofluorescence of A375 cells transfected with GFP-CLEC-2 and treated with rhodocytin in 2D culture. DAPI, F-actin, and GFP fluorescence are shown.
The scale bar represents 20 um.

(D) Quantification of area comprised by cells plated in 2D following rhodocytin stimulation relative to untransfected A375 cells. Error bars represent mean and SD.
(E) Protein blots showing levels of GFP-CLEC-2 and total and activated Rac1 and RhoA in A375 clones expressing either low or high levels of GFP-CLEC-2 or
A375 control cells following treatment with rPDPN-Fc or rhodocytin.

(F) Quantification of Rac1-GTP, as in (G) (n = 3).

(G) Quantification of RhoA-GTP, as in (G) (n = 3). Error bars represent mean and SD.

(H) Immunofluorescence of FRCs and DCs in 3D network showing DAPI, CD11c, and pMLC (S19) staining. The scale bar represents 20 um.

(I) Quantification of pMLC fluorescence intensity in 3D network relative to untreated DCs or DCs not in contact with FRCs. Error bars represent mean and SD.
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activation with either ligand caused a striking reduction in GTP-
bound RhoA compared with untreated cells (Figures 7E and 7G),
suggesting that the downstream signaling that controls contrac-
tility of the actomyosin cytoskeleton would also be reduced as
a result of CLEC-2 activation. We directly tested whether this
signaling pathway downstream of CLEC-2 might elicit a reduc-
tion in contractility of the actin cytoskeleton in DCs. MLCII is
a key subunit of the conventional myosin motor, and phosphor-
ylation of MLC at serine 19 (S19) promotes its activity (Wyckoff
et al., 2006). The phosphorylation of MLC is highly dependent
on the activity of RhoA effector kinases, and the global levels
of phosphorylated MLC (pMLC) (S19) in a cell can be used as
a measure of the overall MLCII activity and contractility of the
actin cytoskeleton (Wyckoff et al., 2006). Thus, we examined
pMLC in DCs crawling along stromal cell scaffolds, where
CLEC-2 will be activated by engagement of PDPN. Immunofluo-
rescence analysis of 3D DC-FRC cocultures revealed that DCs in
contact with the FRC network exhibited markedly reduced levels
of pMLC compared with DCs that were not in contact with FRCs
(Figures 7H and 7I). Similar measurements were taken in DCs
cultured alone in a 3D matrix and treated with CLEC-2 ligands.
A significant reduction in the levels of pMLC (S19) in DCs was
also observed following CLEC-2 activation by either rhodocytin
or rPDPN-Fc (Figure 7I). Collectively, these findings suggest
that CLEC-2 engagement by PDPN leads to a coordinate set
of events: (1) the upregulation of Rac1 activity and stimulation
of actin polymerization to drive protrusion formation, and (2)
the downregulation of RhoA activity and a decrease in pMLC
to reduce cell contractility. Together, these coordinated events
would allow cells to spread along a stromal cell scaffold, extend
actin-rich protrusions, and migrate.

DISCUSSION

Here we describe a role for CLEC-2 signaling in DC motility. The
CLEC-2 ligand PDPN is highly expressed by LECs and FRCs
lining structures that DCs encounter during migration from
tissues to LNs. CLEC-2 is expressed by skin and LN DCs, but
surface levels of this protein appear to be tightly regulated.
Engagement of CLEC-2 by PDPN coordinately reduces actomy-
osin contractility and promotes actin polymerization in DCs,
thereby allowing them to spread along stromal cell scaffolds,
extend protrusions, and migrate. The CLEC-2-PDPN interaction
promotes DC migration to LNs at all stages of this journey: from
leaving peripheral tissues and entering lymphatic vessels, to
crossing the subcapsular sinus, and finally to migrating through
LN parenchyma to the T cell zone. T cell activation in LNs was
markedly reduced despite the fact that some Clec’b™~ DCs
completed the passage from skin to LN, as measured by flow
cytometry. This could suggest a preferentially important role
for CLEC-2 in a DC subset that efficiently cross-presents anti-
gens such as the CD103* dermal DC. Alternatively, this could
suggest that CLEC-2 deficiency not only reduces DC migration
but also prevents DCs from properly interacting with the FRC
network and T cells. Consistent with this latter possibility, we
found that Clec1b~'~ DCs were severely impaired in spreading
and crawling on the FRC network in 3D.

Analysis of the downstream signaling components revealed
that CLEC-2 activation in DCs, as in platelets, required the

adaptor protein and exchange factor Vav and led to alterations
of actin dynamics via activation of Rac1. Our study shows that
CLEC-2 activation by PDPN induces F-actin-rich protrusions
conducive to cell migration. Additionally, we find that RhoA
activity is coordinately decreased upon CLEC-2 activation. Rac
and Rho have been shown to be antagonistic in a variety of
contexts (Ohta et al., 2006; Wildenberg et al., 2006), and this
exclusivity may act to spatially separate Rho and Rac. One
potential antagonistic mechanism is the ability of Rac to induce
the translocation of p190RhoGAP to locally downregulate Rho
activity (Wildenberg et al., 2006). An opposing mechanism is
also reported whereby Rho activity leads to the activation of Fil-
GAP for inactivation of Rac (Ohta et al., 2006).

Based on the signaling events following contact between
Clec1b* DCs and Pdpn* stromal cells, we propose the following
model. Initially, CLEC-2 and PDPN interact and cluster on
the respective cell membranes. CLEC-2 oligomerization then
induces tyrosine-phosphorylation events via Syk, PLCy, and
Vav. Vav promotes the activity of Rac1, which indirectly and
coordinately reduces RhoA activity. These events are spatially
restricted to domains on the DC surface that are in direct contact
with PDPN. Therefore, specifically at the contacts between DCs
and FRCs, the activity of RhoA effectors, such as ROCK (Rho-
associated protein kinase), are reduced, leading to reduced
phosphorylation of MLC (Wyckoff et al., 2006) and reduced
contractility of the actomyosin cytoskeleton. We suggest that
this mechanism can explain the ability of DCs to spread along
the underlying stromal cell scaffold. The increase in Rac1 activity
then promotes actin polymerization and the induction of protru-
sions reaching along the stromal cell. As the DC reaches
forward, CLEC-2 signaling would need to be tempered to allow
RhoA effector activity to contract the cell rear and allow the
cell body to follow the protrusion (Nobes and Hall, 1995). We
have noted that CLEC-2 oligomers are rapidly internalized
following ligand binding, which may allow temporal and spatial
restriction of CLEC-2 signaling.

The utilization of our 3D coculture system provided critical
insights into leukocyte interactions with FRCs and molecular
mechanisms promoting DC migration in this stromal niche. For
example, by using this system in which primary FRCs downregu-
late chemokine expression, we discovered that PDPN-driven
activation of CLEC-2 was necessary and also sufficient to induce
bona fide DC migration in the absence of additional motility cues,
such as CCL19 and CCL21. DC migration in this system was
confined to FRC surfaces but was not directional. DCs migrated
back and forth along FRC scaffolds, suggesting that PDPN acti-
vation of CLEC-2 would not be sufficient to guide DCs in one
particular direction. Rather, simultaneous signals from chemo-
kine gradients and fluid flow in vivo would confer directionality
on DC motility. Coordination of these different signaling pro-
cesses would thereby endow DCs with the capacity to migrate
through complex stromal niches from their sentry posts in paren-
chymal tissues to tissue-draining LNs where T cell responses
commence.

CLEC-2 activation may affect the motility of other leukocytes
that express this CLR. Neutrophils have been reported to
express CLEC-2 (Kerrigan et al., 2009), and as such, their migra-
tion to infected tissues or to tertiary lymphoid structures may
also be affected upon CLEC-2 engagement of PDPN. B cells,
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which also express CLEC-2 (Mourdo-Sa et al., 2011; data not
shown), may utilize this pathway to migrate along PDPN-rich
FRCs en route to follicles in secondary lymphoid organs. Indeed,
we found that, like DCs, B cells migrate along FRCs in the 3D
culture system (Fletcher et al., 2011) and may use CLEC-2 to
move within LNs (data not shown).

Beyond LECs and LN FRCs, PDPN is expressed by splenic
FRCs (Bekiaris et al., 2007) and stromal cells in bone marrow
and thymus (data not shown). PDPN is also upregulated in tissue
fibroblasts during inflammation, and PDPN-rich stroma is often
observed in tumors, perhaps supporting the function of tumor-
infiltrating leukocytes (Wicki and Christofori, 2007). Activation
of CLEC-2 by PDPN may therefore be a widely applicable mech-
anism promoting leukocyte motility along stromal networks of all
PDPN-rich lymphoid organs and inflamed tissues, irrespective of
which chemokine cues are present. Thus, targeting CLEC-2 to
specifically harness leukocyte migration may have significant
therapeutic potential for treating inflammatory and autoimmune
diseases.

EXPERIMENTAL PROCEDURES

Isolation and Culture of Primary Cells

LN FRCs were isolated and expanded as previously described (Fletcher et al.,
2011). For BMDCs, bone marrow was taken from the tibias and femurs of
5-week-old C57BL/6, Ccr7 '~ Vav1~'~Vav2~/~Vav3~'~, and Clec1b~’~ mice
and cultured in RPMI containing 10% fetal bovine serum and 3% granulocyte
macrophage colony-stimulating factor (derived from supernatant of J558L
culture) for 5-6 days. Unstimulated BMDCs were used in functional experi-
ments unless otherwise specified. For experiments in which matured BMDCs
were used, the cultures were treated with 10 ng/ml LPS for 24 hr.

3D Culture System

DCs were seeded either alone or at a 5:1 ratio with FRCs into a collagen/
matrigel matrix (Pinner and Sahai, 2008) (1.8 mg/ml Matrigel [BD Biosciences]
and 3.2 mg/ml collagen type 1 [BD Biosciences]) on glass-bottomed cell-
culture plates (MatTek). Gels were incubated at 37°C with 10% CO, in
minimum essential medium alpha containing 10% fetal calf serum (FCS) during
imaging. For experiments involving CLEC-2 activation in 3D culture, CLEC-2
ligands (rhodocytin, 200 nM and rPDPN-Fc, 0.04 ng/ml) were added to the
gel as all components were mixed.

Quantification of Cell Morphology and Cell Migration In Vitro

Using Imaged software, we determined the area and perimeter of cells by
manually drawing around the cell shape using phase-contrast images. Ratios
were calculated as follows: perimeter®/4rarea. The elongation factor was
calculated with the Imaged “fit ellipse” function. The ratio of major/minor
axis was plotted for measuring cell elongation on FRCs. ImageJ was also
used to determine the cell centroid and its translocation over time to calculate
distance migrated along. The motion analysis (Figure S4B) shows three time
points, overlaid in red, green, and blue. Static cells and the collagen matrix
are shown in white; motile cells are visualized by the separation of the red,
green, and blue channels.

Analysis of DC Movement in Tissues

DC entry to lymphatic vessels was carried out as previously described
(L&mmermann et al., 2008). In brief, ears of C57BL/6 mice were split, and
the cartilage-free half was incubated with directly conjugated Lyve-1-488 anti-
body (eBioscience) in PBS containing 1% BSA for 1 hr onice. The stained ears
were incubated with either WT or Clec7b™~ LPS-matured BMDCs labeled
with 5 mM far-red cell-tracker dye (Invitrogen) for 2 hr at 37°C with 5% COs,.
Noninfiltrating DCs were then gently washed away, and ears were fixed in
1% paraformaldehyde (PFA) for 4 hr. Ear sheets were imaged with an inverted
Zeiss 510 confocal microscope.
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For DC migration in LNs, LNs were dissected from Ubiquitin-GFP chimeric
mice (WT BM > Ub-GFP host) and embedded in 4% low-melting-temperature
agarose at 36°C. Blocks were then cooled on ice. Vibratome sections of LNs
300 pm thick were cut and incubated with RPMI containing 10% FCS for
30 min at 37°C. WT and Clec7b™'~ BMDCs were labeled with cell-tracking
dyes, washed with PBS, then incubated with the LN slices for 90 min at
37°C. After this time, LN slices were gently washed with RPMI containing
10% FCS, laid into MatTek dishes, and imaged with an inverted Zeiss 510
confocal microscope for 2 hr at 37°C with 5% CO,. Z stacks of 30 um were
projected with Imaged Z Project. Time-lapse sequences were analyzed with
the ImageJ manual-tracking plugin to measure cell velocity and to track
individual cells.

Statistical Analysis

Statistical tests in this paper were performed with Prism software (GraphPad).
Data sets were first subjected to an F test to establish whether data to be
compared exhibited comparable SD. Following this, the appropriate tests
were performed as indicated in each figure legend. In general, comparison
of multiple groups was performed with the use of a Kruskal-Wallis ANOVA
and, if significant, followed by Dunn’s post test between individual data sets.
Comparisons of two data sets were most commonly performed with the use
of a Mann-Whitney U test.

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures, seven movies, and Supple-
mental Experimental Procedures and can be found with this article online at
http://dx.doi.org/10.1016/j.immuni.2012.05.022.

ACKNOWLEDGMENTS

The authors are grateful to J. Campbell and B. Vander Lugt for CCR7 knockout
mice; to L.-H. Ang, Y. Zheng, and S. Hagen for assistance with microscopy;
and to R. Gelman for assistance with statistical analysis. They are also grateful
to E. Sahai for critical reading of the manuscript. This work was supported by
National Institutes of Health grants R01 DK074500 and PO1 Al045757 (to
S.J.T.),R01AI073718 and Al061077 (W.S.), and LLS (W.S., D.B.G.); aWellcome
Trust Henry Wellcome Postdoctoral Fellowship (to S.E.A.); a National Science
Foundation Graduate Research Fellowship (to J.L.A.); a Benacerraf
Postdoctoral Fellowship (to V.L.K.); a National Health Medical Research
Council Postdoctoral Biomedical Training Fellowship (to A.L.F.); and a Seventh
Framework Programme of the European Union (Marie Curie International
Outgoing Fellowship 220044, to S.F.G.).

Received: September 27, 2011
Revised: April 18, 2012
Accepted: May 12, 2012
Published online: August 9, 2012

REFERENCES

Bajénoff, M., Egen, J.G., Qi, H., Huang, A.Y., Castellino, F., and Germain, R.N.
(2007). Highways, byways and breadcrumbs: directing lymphocyte traffic in
the lymph node. Trends Immunol. 28, 346-352.

Baluk, P., Fuxe, J., Hashizume, H., Romano, T., Lashnits, E., Butz, S.,
Vestweber, D., Corada, M., Molendini, C., Dejana, E., and McDonald, D.M.
(2007). Functionally specialized junctions between endothelial cells of
lymphatic vessels. J. Exp. Med. 204, 2349-2362.

Bekiaris, V., Withers, D., Glanville, S.H., McConnell, F.M., Parnell, S.M., Kim,
M.Y., Gaspal, F.M., Jenkinson, E., Sweet, C., Anderson, G., and Lane, P.J.
(2007). Role of CD30 in B/T segregation in the spleen. J. Immunol. 179,
7535-7543.

Bertozzi, C.C., Schmaier, A.A., Mericko, P., Hess, P.R., Zou, Z., Chen, M.,
Chen, C.Y., Xu, B., Lu, M.M.; Zhou, D., et al. (2010). Platelets regulate
lymphatic vascular development through CLEC-2-SLP-76 signaling. Blood
116, 661-670.


http://dx.doi.org/10.1016/j.immuni.2012.05.022

Immunity
DC Maotility via CLEC-2-PDPN Interactions

Colonna, M., Samaridis, J., and Angman, L. (2000). Molecular characterization
of two novel C-type lectin-like receptors, one of which is selectively expressed
in human dendritic cells. Eur. J. Immunol. 30, 697-704.

Farr, A.G., Berry, M.L., Kim, A., Nelson, A.J., Welch, M.P., and Aruffo, A.
(1992). Characterization and cloning of a novel glycoprotein expressed by
stromal cells in T-dependent areas of peripheral lymphoid tissues. J. Exp.
Med. 176, 1477-1482.

Fletcher, A.L., Malhotra, D., Acton, S.E., Lukacs-Kornek, V., Bellemare-
Pelletier, A., Curry, M., Armant, M., and Turley, S.J. (2011). Reproducible
isolation of lymph node stromal cells reveals site-dependent differences in
fibroblastic reticular cells. Front Immunol 2, 35.

Forster, R., Schubel, A., Breitfeld, D., Kremmer, E., Renner-Mdiller, I., Wolf, E.,
and Lipp, M. (1999). CCR7 coordinates the primary immune response by
establishing functional microenvironments in secondary lymphoid organs.
Cell 99, 23-33.

Frittoli, E., Matteoli, G., Palamidessi, A., Mazzini, E., Maddaluno, L., Disanza,
A., Yang, C., Svitkina, T., Rescigno, M., and Scita, G. (2011). The signaling
adaptor Eps8 is an essential actin capping protein for dendritic cell migration.
Immunity 35, 388-399.

Graham, D.B., Zinselmeyer, B.H., Mascarenhas, F., Delgado, R., Miller, M.J.,
and Swat, W. (2009). ITAM signaling by Vav family Rho guanine nucleotide
exchange factors regulates interstitial transit rates of neutrophils in vivo.
PLoS ONE 4, e4652.

Hooper, S., Marshall, J.F., and Sahai, E. (2006). Tumor cell migration in three
dimensions. Methods Enzymol. 406, 625-643.

Kerrigan, A.M., Dennehy, K.M., Mourdo-S4, D., Faro-Trindade, I., Willment,
J.A., Taylor, P.R., Eble, J.A., Reis e Sousa, C., and Brown, G.D. (2009).
CLEC-2 is a phagocytic activation receptor expressed on murine peripheral
blood neutrophils. J. Immunol. 182, 4150-4157.

Lammermann, T., Bader, B.L., Monkley, S.J., Worbs, T., Wedlich-Séldner, R.,
Hirsch, K., Keller, M., Férster, R., Critchley, D.R., Féassler, R., and Sixt, M.
(2008). Rapid leukocyte migration by integrin-independent flowing and
squeezing. Nature 453, 51-55.

Link, A., Vogt, T.K., Favre, S., Britschgi, M.R., Acha-Orbea, H., Hinz, B., Cyster,
J.G., and Luther, S.A. (2007). Fibroblastic reticular cells in lymph nodes regu-
late the homeostasis of naive T cells. Nat. Immunol. 8, 1255-1265.

Mourdo-S4, D., Robinson, M.J., Zelenay, S., Sancho, D., Chakravarty, P.,
Larsen, R., Plantinga, M., Van Rooijen, N., Soares, M.P., Lambrecht, B., and
Reis e Sousa, C. (2011). CLEC-2 signaling via Syk in myeloid cells can regulate
inflammatory responses. Eur. J. Immunol. 47, 3040-3053.

Nobes, C.D., and Hall, A. (1995). Rho, rac, and cdc42 GTPases regulate the
assembly of multimolecular focal complexes associated with actin stress
fibers, lamellipodia, and filopodia. Cell 87, 53-62.

Ohta, Y., Hartwig, J.H., and Stossel, T.P. (2006). FilGAP, a Rho- and ROCK-
regulated GAP for Rac binds filamin A to control actin remodelling. Nat. Cell
Biol. 8, 803-814.

Olson, M.F., and Sahai, E. (2009). The actin cytoskeleton in cancer cell motility.
Clin. Exp. Metastasis 26, 273-287.

Parri, M., and Chiarugi, P. (2010). Rac and Rho GTPases in cancer cell motility
control. Cell Commun. Signal. 8, 23.

Pearce, A.C., Senis, Y.A., Billadeau, D.D., Turner, M., Watson, S.P., and
Vigorito, E. (2004). Vav1 and vav3 have critical but redundant roles in mediating
platelet activation by collagen. J. Biol. Chem. 279, 53955-53962.

Peduto, L., Dulauroy, S., Lochner, M., Spéth, G.F., Morales, M.A., Cumano, A.,
and Eberl, G. (2009). Inflammation recapitulates the ontogeny of lymphoid
stromal cells. J. Immunol. 182, 5789-5799.

Pinner, S., and Sahai, E. (2008). Imaging amoeboid cancer cell motility in vivo.
J. Microsc. 2317, 441-445.

Randolph, G.J., Angeli, V., and Swartz, M.A. (2005). Dendritic-cell trafficking to
lymph nodes through lymphatic vessels. Nat. Rev. Immunol. 5, 617-628.

Schumann, K., L&mmermann, T., Bruckner, M., Legler, D.F., Polleux, J., Spatz,
J.P., Schuler, G., Forster, R., Lutz, M.B., Sorokin, L., and Sixt, M. (2010).
Immobilized chemokine fields and soluble chemokine gradients cooperatively
shape migration patterns of dendritic cells. Immunity 32, 703-713.

Stoitzner, P., Pfaller, K., Stdssel, H., and Romani, N. (2002). A close-up view of
migrating Langerhans cells in the skin. J. Invest. Dermatol. 7178, 117-125.

Suzuki-Inoue, K., Inoue, O., Ding, G., Nishimura, S., Hokamura, K., Eto, K,
Kashiwagi, H., Tomiyama, Y., Yatomi, Y., Umemura, K., et al. (2010).
Essential in vivo roles of the C-type lectin receptor CLEC-2: embryonic/
neonatal lethality of CLEC-2-deficient mice by blood/lymphatic misconnec-
tions and impaired thrombus formation of CLEC-2-deficient platelets.
J. Biol. Chem. 285, 24494-24507.

Turley, S.J., Fletcher, A.L., and Elpek, K.G. (2010). The stromal and haemato-
poietic antigen-presenting cells that reside in secondary lymphoid organs.
Nat. Rev. Immunol. 70, 813-825.

Watson, S.P., Herbert, J.M., and Pollitt, A.Y. (2010). GPVI and CLEC-2 in
hemostasis and vascular integrity. J. Thromb. Haemost. 8, 1456-1467.
Wicki, A., and Christofori, G. (2007). The potential role of podoplanin in tumour
invasion. Br. J. Cancer 96, 1-5.

Wildenberg, G.A., Dohn, M.R., Carnahan, R.H., Davis, M.A., Lobdell, N.A.,
Settleman, J., and Reynolds, A.B. (2006). p120-catenin and p190RhoGAP
regulate cell-cell adhesion by coordinating antagonism between Rac and
Rho. Cell 127, 1027-1039.

Wyckoff, J.B., Pinner, S.E., Gschmeissner, S., Condeelis, J.S., and Sahai, E.
(2006). ROCK- and myosin-dependent matrix deformation enables
protease-independent tumor-cell invasion in vivo. Curr. Biol. 16, 1515-1523.

Immunity 37, 276-289, August 24, 2012 ©2012 Elsevier Inc. 289



	Podoplanin-Rich Stromal Networks Induce Dendritic Cell Motility via Activation of the C-type Lectin Receptor CLEC-2
	Introduction
	Results
	DCs Interact Closely with the PDPN-Rich Lymphatic Vessels and FRC Scaffold
	CLEC-2 Expression by DCs
	CLEC-2 Expression Is Required for Efficient DC Migration to LNs
	Migratory DCs Use CLEC-2 at Multiple Junctures En Route to LNs
	CLEC-2 Activation Leads to Protrusion Formation and Stabilization in DCs
	The PDPN-CLEC-2 Interaction Is Necessary and Sufficient to Induce DC Protrusions
	CLEC-2 Signaling Coordinately Reduces Actomyosin Contractility and Promotes Actin Polymerization

	Discussion
	Experimental Procedures
	Isolation and Culture of Primary Cells
	3D Culture System
	Quantification of Cell Morphology and Cell Migration In Vitro
	Analysis of DC Movement in Tissues
	Statistical Analysis

	Supplemental Information
	Acknowledgments
	References


