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lymph nodes in RAPL-dependent and -independent manners
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The small GTPase Rap1 and its effector
RAPL regulate lymphocyte adhesion and
motility. However, their precise regula-
tory roles in the adhesion cascade preced-
ing entry into lymph nodes and during
interstitial migration are unclear. Here, we
show that Rap1 is indispensably required
for the chemokine-triggered initial arrest
step of rolling lymphocytes through
LFA-1, whereas RAPL is not involved in

rapid arrest. RAPL and talin play a critical
role in stabilizing lymphocyte arrest to
the endothelium of blood vessels under
flow or to the high endothelial venules of
peripheral lymph nodes in vivo. Further,
mutagenesis and peptide studies sug-
gest that release of a trans-acting re-
straint from the 2 cytoplasmic region of
LFA-1 is critical for Rap1-dependent ini-
tial arrest. Rap1 or RAPL deficiency se-

verely impaired lymphocyte motility over
lymph node stromal cells in vitro, and
RAPL deficiency impaired high-velocity
directional movement within lymph nodes.
These findings reveal the several critical
steps of Rap1, which are RAPL-dependent
and -independent, in lymphocyte traffick-
ing. (Blood. 2010;115:804-814)

Introduction

Lymphocyte trafficking plays important roles in immune surveil-
lance and in adaptive immune responses. To better understand the
regulatory mechanisms of these processes, it is important to
determine how each trafficking step is controlled. Integrins are
major adhesion molecules involved in dynamic lymphocyte traffick-
ing. Central to these functions is the unique ability of integrins to
regulate their adhesive activity by a process termed inside-out
signaling. In addition, ligand-bound integrins transmit signals to
the cytoplasm in an outside-in direction (outside-in signals),
leading to stabilized adhesion, cell spreading, and modulated
cellular functions.! It has been well established that temporal and
spatial regulation of integrins through bidirectional signaling is
important in adhesion-related cellular processes.>>

Several well-characterized cellular processes critically involve
integrins, including leukocyte trafficking to inflammatory sites and
lymphocyte homing to secondary lymphoid organs. In the case of
naive lymphocytes immigrating across high endothelial venules
(HEVs) into peripheral lymph nodes (LNs), lymphocytes are first
captured by weak binding between L-selectin and a sulfated sialyl
Le*-related carbohydrate, resulting in rolling on the HEV. When
rolling lymphocytes are exposed to chemokines present on the
luminal side of the HEV, chemokine signaling coupled with Gi
proteins activates LFA-1 in less than 1 second, resulting in a
complete stop (arrest).* Within seconds to minutes, lymphocyte

adhesion is stabilized and these cells transmigrate into the tissues.
The transition of integrin external domains from a bent to an
extended conformation, which is triggered by separation of the «
and B cytoplasmic domains,® has been proposed to transform
rolling into arrest/adhesion.® However, our understanding of the
molecular mechanisms of integrin regulation under physiologic
conditions, where they occur over a broad range with a timescale of
less than 1 second to minutes or hours, is still limited.

After transmigration, T cells enter the T cell-rich paracortex of
the LN, which contains an elaborate network of fibroblastic
reticular cells (FRCs), surrounding the HEVs and extending from
the capsule to the medulla.” B cells migrate into the follicles where
a dense network of follicular dendritic cells (FDCs) is organized.
FRCs and FDCs produce homeostatic chemokines (CCL21,
CXCL13, and CXCL12) and abundantly express integrin ligands,
such as ICAM-1 and VCAM-1 as well as MAdCAM-1 in some
areas.” Live imaging of the LN by 2-photon laser scanning
microscopy has demonstrated a robust migration of lymphocytes in
the paracortex and follicles.® FRCs and FDCs appear to support
rapid movement of lymphocytes.” Although many studies reported
that chemokines control integrin-dependent cell migration in vitro,
it has not been determined whether integrins and chemokines
coordinately regulate lymphocyte interstitial migration in lym-
phoid tissues. A recent study showed that immobilized chemokines
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sufficiently support T-cell migration without a major contribution
by B2 and a4 integrins under shear-free conditions,!® suggesting
integrin-independent migration within the LN. DOCK2 is a
Rac-GEF that is critical for actin cytoskeletal rearrangements in
lymphocytes,!! integrin activation and trafficking in B cells, and
directional high-velocity lymphocyte movement in the LN.!2
However, the molecular mechanisms controlling interstitial migra-
tion of lymphocytes are largely unknown.

The small GTPase Rap] is a potent activation signal for 31, 82,
and B3 integrins and enhances cellular adhesion in both immune
and nonimmune cells.”® Lymphocyte Rapl, which is rapidly
activated by chemokines and cognate antigens, increases the
adhesiveness of integrins to their ligands by modulating affinity
and avidity, induces polarized cell shape, and facilitates cell
migration.'* Targeted deletion of Rapla and Raplb resulted in
impaired activation of lymphocyte and platelet integrins.!>!8
Although the phenotype of Rapla and Raplb double-knockout
mice has not yet been reported, both Rapla and Raplb probably
contribute to integrin activation. A deficiency in the Rapl-specific
GEF, calcium, and diacylglycerol (CalDAG)-GEFI caused defec-
tive B1, B2, and B3 integrin activation in platelets and leukocytes in
mice.'92! A splice junction mutation in this gene was reported in
some LAD-III patients.?® The signaling pathway of Rap1 activation
by chemokines depends on PLC activity through CalDAG-GEFI to
mediate human T-cell adhesion by LFA-1, but not VLA-4,2!
suggesting that multiple pathways regulate integrins. RAPL is
highly expressed in immune cells where it functions as a Rap1-GTP-
binding protein that mediates Rapl functions on integrins.?2
Targeted deletion of the rap! gene impaired chemokine-induced
lymphocyte adhesion and trafficking to peripheral LNs.2* However,
the exact roles of Rapl and RAPL signaling in lymphocyte
adhesion cascades on endothelial cells and interstitial migration
after entering the LNs are unknown. Here we demonstrate the
essential steps of Rapl and RAPL signaling in lymphocyte
trafficking.

Methods

Methods for mice, plasmids, cell transfection, shRNA knockdown, flow and
motility assays, intravital microscopy, and flow cytometric analysis are
provided in detail in supplemental Methods (available on the Blood
website; see the Supplemental Materials link at the top of the online article).
Mice were housed in specific pathogen-free conditions, and all experiments
were conducted in accordance with protocols approved by the Animal Care
and Use Committee of Kansai Medical University (Osaka, Japan).

Results

Establishment of an in vitro system to reproduce the
lymphocyte adhesion cascade

Most of the previous studies examining LFA-1 activation processes
were performed by first reproducing the transition of selectin-dependent
rolling into chemokine-triggered arrest by integrins. Therefore, our
approach was to reconstitute the lymphocyte adhesion cascade mediated
by L-selectin and LEA-1 using a BAF pro-B-cell line expressing human
L-selectin and LFA-1 (BAF/LFA-1/L-selectin) and L.S12 endothelial
cells expressing tumor necrosis factor-a (TNF-a)-induced ICAM-1,
as well as the L-selectin ligand, PNAdJ, which was produced by
introducing HEV-specific carbohydrate modification enzymes.?*
When infused over the monolayer of 1L.S12 cells immobilized with
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CXCLI12 in the parallel plate flow chamber at various shear stresses, a
fraction of BAF/LFA-1/L-selectin cells exhibited rolling at various
velocities and stopped at the shear stress between 1 to 5
dyne/cm?. We found that shear stress less than 0.6 dyne/cm? did
not support lymphocyte rolling, consistent with a previous
report demonstrated for primary T cells.?

Because the transition from rolling to arrest was efficiently observed
when cells were infused at 2 dyne/cm? into this systern, the experiments
hereafter were performed at this shear stress. The images of cellular
interactions were acquired by a CCD camera and video-recorded, and
then digitized at 30 frames/second and subjected to an auto-cell tracking
analysis. The representative adhesive profiles are shown (Figure 1). The
attachment sustained for more than 10 seconds (typically longer than 1
minute) is hereafter termed “stable arrest” (Figure 1B-C; supplemental
Video 1). Treatment with pertussis toxin severely inhibited “‘transient
arrest,” attachment of less than 10 seconds, suggesting that it is a
Gi-dependent process (data not shown). In the absence of chemokines,
the majority of cells just rolled (Figure 3B; supplemental Video 10).
Anti-L-selectin antibody (MEL-14) treatment abolished all cellular
adhesion events (Figure 1B,D; supplemental Video 2). Treatment with
anti-LFA-1 monoclonal antibody (TS1/22) abrogated arrest without
affecting rolling (Figure 1B-D; supplemental Video 3). A similar result
was also obtained with anti-ICAM-1 mAb (data not shown). Collec-
tively, these results confirm that the in viro flow system using
BAF/LFA-1/L-selectin and LS12 cells recapitulates the lymphocyte
adhesion cascade on HEV in peripheral LN in which endothelial
chemokines convert L-selectin-mediated rolling into arrest by activat-
ing LFA-1.

Requirement for Rap1, RAPL, and talin in arrest by LFA-1 and
ICAM-1

To clarify the roles of Rapl, RAPL, and talin in the arrest step, we
knocked them down by more than 95% using lentiviral transduc-
tion of shRNAs specific for Rapla, Raplb, RAPL, and talin (Figure
LA). We also knocked down both RAPL and talin (Figure 1A right).
The depletion of Rapl in BAF/LFA-1/L-selectin completely inhib-
ited chemokine-induced arrest without affecting rolling (Figure
IB-C; supplemental Video 4). The range of rolling velocities of
Rapl knockdown cells was almost identical to that of control cells
treated with the anti-LFA-1 mAb (Figure 1D; supplemental Videos
3-4), indicating that Rapl is critically involved in the transition
from rolling to arrest. On the other hand, the knockdown of RAPL
or talin did not significantly affect the transition to arrest, as the
majority of cells stopped on the monolayer. However, the attached
cells were easily dislodged, resulting in an increased transient
arrest population with a reciprocal decreased stable arrest popula-
tion (Figure 1B-C; supplemental Figure 1). The stopping time of
cells depleted of RAPL or talin was less than 10 seconds with an
average of 2.6 and 3.1 seconds, respectively (Figure 1B,C,E;
supplemental Video 5). Double knockdown of RAPL and talin
synergistically decreased the conversion to stable arrest and
stopping times, suggesting that they have distinct effects on the
arrest (Figure 1B,E). These results suggest that LFA-1-dependent
arrest can be divided into 2 sequential steps. The initial step is a
transition from rolling to arrest, occurring within 1 second, and
requires Rapl. The subsequent stabilization occurs within 10 seconds
and requires both RAPL and talin.

Previous studies suggest that conformational changes alter the
affinity of LFA-1 and are required for LFA-1-dependent arrest. The
conversion from the low affinity bent conformation to the interme-
diate affinity extended conformation induces the transition from
rolling to arrest.%?® We examined whether the extension status of
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LFA-1 could be regulated by Rapl, RAPL, and talin using the
antibody KIM127, which recognizes an extension reporter
epitope on the B2 subunit. The expression levels of the
extension reporter epitope were significantly up-regulated by
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CXCL12, as previously reported,?’ indicating that this chemo-
kine induces or shifts equilibrium to the extended conformation
(Figure 1F; supplemental Figure 2). Neither Rapl nor RAPL
depletion affected KIM127 epitope expression. Depletion of
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Figure 2. RAPL is required for stable adhesion. (A) The A

adhesion of wild-type and RAPL-deficient T lymphocytes with

LS12 cells expressing mouse ICAM-1 under shear flow. Adhe- 100 ¢ T m r
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Requirement for RAPL in stable arrest of mouse lymphocytes
on HEV

talin significantly decreased both the basal and chemokine-
stimulated KIM127 epitope levels but still exhibited CXCL12-
induced up-regulation of the KIM127 epitope to an extent

similar to that of control cells (1.6-fold, Figure 1F; supplemental To further confirm whether RAPL plays an important role in stable

Figure 2). The effects of deletion of RAPL and talin on the
KIM127 expression were similar to that of talin deletion (data
not shown). On treatment with Mg?* and ethyleneglycoltetraace-
tic acid, BAF/LFA-1/L-selectin cells depleted of Rapl, RAPL,
or talin expressed the high affinity conformation of LFA-1, as
evidenced by mAb24 binding,?® and adhered to ICAM-1 (supple-
mental Figure 3). These results suggest that Rapl exerts a
different regulatory effect distinct from induction of the exten-
sion of LFA-1 by chemokine.

attachment, but not during the initial arrest, we examined RAPL =/~
T lymphocytes using the flow adhesion assay with LS12 cells
expressing mouse ICAM-1. Control T cells efficiently roll on the
LS12 monolayer and arrest in the presence of immobilized CCL21
(Figure 2A). This arrest was inhibited by anti-LFA-1 mAb
(FD441). Although CCL21-induced transient arrest was increased,
RAPL ™~ T cells did not stably attach. The majority of RAPL ™/~
T cells were dislodged within 10 seconds at the shear stress of
2 dyne/cm? (Figure 2A; supplemental Videos 6-7). To confirm the

Figure 1. Requirement for Rap1, RAPL, and talin in LFA-1-mediated arrest under shear flow. (A) Knockdown of talin, RAPL, and Rap1 by shRNA. Western blots of total
cell lysates from BAF/LFA-1/L-selectin cells with lentiviruses encoding control shRNA or shRNA targeting Rap1a/b-specific (Rap1KD), RAPL (RAPLKD), talin (TalinKD) are
shown. Tubulin was used as a loading control. Western blots of total lysates from the double knockdown cells with lentiviruses encoding RAPL (RAPLKD) and talin (TalinKD)
are also shown in the right panel. (B} Effects of anti-L-selectin, anti-LFA-1, Rap1KD, RAPLKD, TalinKD, and double KD on the interactions of BAF/LFA-1/L-selectin cells with
LS12 endothelial cells. Control cells were pretreated with or without anti-L-selectin or anti-LFA-1 antibody. Then the cells perfused at 2 dyne/cm? on LS12 monolayers, which
were immobilized with CXCL12. The digital images of interactions of BAF/LFA-1/L-selectin cells with LS12 endothelial cells were taken at 30 frames/second. The adhesive
events of more than 100 cells were measured and categorized as described in the supplemental Methods. Data represent the mean = SD of 3 independent experiments.
*P <001, compared with control cells. **P < .01, compared with RAPL or Talin KD cells. (C) Time-displacement profiles of individual cell movement over LS12 endothelial
monolayers under shear flow. BAF/LFA-1/L-selectin cells were perfused at 2 dyne/cm? on LS12 monolayers immobilized with CXCL21. Representative profiles of the
displacements over time are shown for "stable arrest” of the cells on the CXCL12 immobilized endothelium, “rolling” in the presence of anti-LFA-1 antibody
(CXCL12/anti-LFA-1), “roliing” of those depleting Rap1 (CXCL12/Rap1KD), and “transient arrest’ of those depleting talin (CXCL12/TalinkKD) and depleting RAPL
(CXCL12/RAPL). Each line represents individual cell fracking. (D) The noninteracting and rolling velocities of control BAF/LFA-1/L-selectin cell movements on LS12 in the
presence of anti-L-selectin (anti-L.-selectin} and anti~LFA-1 (anti~LFA-1) antibodies as well as the Rap1 knockdown cells (Rap1KD). Data represent the mean = SD of
3 independent experiments. (E) Stopping time of control (ct), RAPLKD or talinkD, or RAPL/talin double KD BAF/LFA-1/L-selectin cells arrested on LS12 endothelial cells are
shown. More than 100 cells were measured in 3 independent experiments, and representative distribution of stopping time is shown. *P < .02, compared with RAPL or talin KD
cells. (F) Epitope expression of mAb KIM127 on control (ct) BAF/LFA-1 cells and the Rap1 (Rap1KD), RAPL (RAPLKD), or talin (Talin KD) knockdown cells in the absence
(None) or presence of CXCL12. *P < .05, compared with control cells. Data are normalized for LFA-1 expression detected by TS1/18.
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Figure 3. LFA-1 cytoplasmic regions regulate transient and stable arrest. (A) Schematic representation of the cytoplasmic region of human 82 subunit. Deletions and
point mutation were made at the indicated amino acid residues. Deletion mutants include the indicated amino acids. The boxes indicate the NPXF/Y motif, which is the
talin-binding region. (B) Under flow adhesion of BAF cells expressing L-selectin and LFA-1 mutants with or without CXCL12. Data represent the mean = 8D of 3 independent
experiments. (C) Expression of activation epitopes detected by mAb KIM127 (left) and MEM148 (right) in unstimulated LFA-1 mutants. (D) Induction of the arrest by a
penetratin-1 fusion peptide corresponding to B2/745-750. Treatment with peptide $2/745-750 (SQWNND), but not with the control peptide (SQANND; 100 wg/mi), induced the
stable arrest of BAF/L-selectin/LFA-1 cells. The cells were treated with the peptides in the absence or presence of CXCL12 as described in the supplemental Methods. Data
represent the mean + SD of 3 independent experiments. *P < .01, compared with the celis with control peptide. (E) Knockdown of Rap1 in BAF cells/L-selectin expressing
al/B2 W747A. (Top panel) Western blotting of vector alone {ct) or vector encoding Rap1-specific shRNA (Rap1 KD). Tubulin served as a loading control. {(Bottom panel) Under
flow adhesion of BAF cells/L-selectin expressing «L/B2 W747A mutation infected with lentiviruses encoding GFP alone (ct) or Rap1a/b-specific shRNA (KD). Data represent
the mean + SD of 3 independent experiments. *P < .005, compared with control lymphocytes.

in vivo relevance of this result, we labeled RAPL ™/~ lymphocytes
with CMTMR and injected them intravenously into normal mice
and then examined lymphocyte interactions with the HEV in the
mesenteric LN using intravital microscopy. Injected wild-type
lymphocytes interacted with HEVs, resulting in firm attachment
and subsequent accumulation of attached lymphocytes along the
venules within 10 minutes (Figure 2B; supplemental Video 8).
RAPL " lymphocytes appeared to tether/roll and stop normally on
HEV. However, attached RAPL™/~ lymphocytes were easily de-
tached and accumulated poorly along the HEV (Figure 2B;
supplemental Video 9). The number of stably attached cells was
severely decreased, whereas the number of transiently adherent
cells were not reduced (Figure 2B). These in vivo and in vitro
results indicate that RAPL is not critical in the initial step of arrest
but is required for subsequent adhesion stabilization.

Roles of the al. and B2 cytoplasmic domains in arrest

To identify the cytoplasmic region of LFA-1 critical for Rapl-
dependent arrest, a series of deletion mutants of the B2 tail were
introduced into the BAF/L-selectin cells (Figure 3A). Stable
transfectants at comparable expression levels of LFA-1 (data not
shown) were chosen and examined by the flow adhesion assay with
LS12 cells. Carboxyl-terminal deletion of the B2 tail after amino
acid 750 (A750) predominantly showed rolling without chemo-
kines and decreased the chemokine-triggered stable arrest with a
reciprocal increase of the transient arrest. This indicated that the
region downstream of 750, containing the talin binding NPXF/Y
motif, was important for stable arrest. However, the A750 was still
capable to respond to CXCL12, indicating that the region down-
stream of 750 is not critical for chemokine-induced arrest. In

— 286 —



BLOOD, 28 JANUARY 2010 - VOLUME 115, NUMBER 4

contrast, deletion after amino acid 744 (A744), 731 (A731), or 723
(A723) induced stable arrest independently of chemokines (Figure
3B). These findings suggested that the region between 745 and 750
could suppress cell arrest in the absence of activation. To examine
this possibility, an internal deletion mutant lacking amino acids 745
to 750 was made. The B2A745-750 also induced arrest without
chemokines (Figure 3B). Because tryptophan 747 is the only
conserved aromatic amino acid among {3 integrins in this region,
this W747 residue was mutated to alanine. The W747A mutation
efficiently induced the stable arrest with no further augmentation
by chemokines (Figure 3B; supplemental Videos 10-11). There
was a slight increase of the transient arrest of A744 in the presence
of chemokine compared with that of wild-type, implying the
reduced adhesion stability of A744. In contrast to the B2 integrin,
deletion of the aL cytoplasmic region after the GFFKR motif did
not induce spontaneous arrest (supplemental Figure 4). Rather, the
aL.A1095 mutation converted the stable arrest into transient arrest
with similar frequencies of the total arrest (transient plus stable),
indicating that a region downstream of 1095 in «L is also critical
for the stabilization of this arrest. This result is in agreement with
the previous study showing that RAPL interacted with the oL
cytoplasmic region.??

We also examined conformations of the 32 mutants showing
spontaneous arrest with KIM127 (32 extension reporter mAb?® and
MEM148 open, high-affinity reporter mAb.*® Deletion of LFA-1
after amino acids 723 and 731 (A723 and A731) led to dramatic
increases in the expression of both epitopes (Figure 3C; supplemen-
tal Figure 5), indicating extended open conformations. A similar
result was also obtained with the high-affinity conformation
reporter mAb24 (data not shown). This result in agreement with
previous studies showing that mutations in the membrane proximal
region of the 3 subunit and the GFFKR motif of the o subunit are
important to keep integrins inactive.?':32 However, A744 as well as
W747A mutation did not affect the expression levels of activation
epitopes (Figure 3C; supplemental Figure 5), suggesting that these
mutants are not the extended and open conformation of LFA-1.
These results indicate that the region between 731 and 743 is
sufficient for the inhibition of spontaneous extended conformations
of LFA-1, and suggest that there is another critical step of the
suppression of LFA-1 activation requiring the region between
745 and 755, specifically tryptophan 747.

Because the mutagenesis study suggested that the B2 cytoplas-
mic domain negatively regulates arrest through the region contain-
ing W747, we reasoned that similar regulation could be achieved
by a trans-acting “restraint” that suppresses LFA-1 in low-affinity
states by interacting with the $2/745 to 750 region. The restraint
model predicts that the peptide sequence of this region can
competitively inhibit interactions with a restraint resulting in stable
arrest. To examine this possibility, we used the penetratinl (P1)
system. P1 fusion peptides are used as “Trojans” to efficiently
deliver target peptides across the plasma membrane; and on entry
into cells, the linking disulfide bond is cleaved in the cytoplasm to
release the target peptide.® A P1 peptide linked to B2/745-750
(SQWNND) and a control peptide in which W747 was replaced
with alanine (SQANND) were synthesized. When BAF/L-selectin/
LFA-1 cells were treated with these peptides and infused over an
LS12 monolayer, the {32/745-750 peptide but not the control
peptide substantially induced transient and stable arrest without
CXCL12 (Figure 3D; supplemental Videos 12-13), supporting the
notion that releasing the restraint induces arrest. The peptide did
not augment the arrest by CXCL12 (Figure 3D). This suggests that
the intracellular peptide concentration might not be sufficient for
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complete release of the trans-acting restraint, or the release of
restraint may not be enough for the induction of arrest. It should be
noted that the treatment with the 32/745-750 peptide as well as
CXCL12 did not increase the spontaneous arrest of the cells with
W747A mutation (Figure 3B; supplemental Figure 6), suggesting
that they might act on the same pathway by a release of the restraint
in the induction of the transient arrest.

Because B2/W747A induced stable arrest as efficiently as that
triggered by chemokines, we next examined the Rapl dependency
for this spontaneous arrest. Rapl depletion by shRNA inhibited
stable arrest in cells expressing B2/W747A but did not reduce
transient arrest (Figure 3E); however, Rapl depletion in cells
expressing wild-type LFA-1 demonstrated rolling without arrest
(Figure 1B). Taken together, these results support the notion that,
although the stabilization of the nascent ligand-bound LEA-1 still
requires Rap1, the W747A mutant can substitute for Rap! function
to activate LFA-1-mediated transient arrest, possibly through the
release a restraint from the B2 cytoplasmic domain.

Roles of Rap1 and RAPL in cell migration over FRCs

We previously demonstrated that Rapl and RAPL signaling
induced integrin-dependent migration as well as adhesion.’* We
examined whether Rapl and RAPL are also involved in interstitial
migration after entering the LN. As a first approach to clarify the
involvement of Rapl-RAPL signaling in this type of lymphocyte
motility, we used the FRC cell line, BLS4, which was established
from peripheral LNs and can develop ER-TR7" reticular networks
in vitro.” BLS4 constitutively expresses VCAM-1 on the cell
surface, whereas ICAM-1 is induced by TNF-«a. Likewise, BLS4
cells produce CXCL12 constitutively, whereas the production of
several other chemokines, including CCL4, CCLS5, CCL20, and
CXCL10, are augmented via TNF-« stimulation.” When incubated
over a TNF-o—stimulated BLS4 monolayer, BAF cells exhibited
polarized morphologies with a leading edge and uropod and
actively migrated (Figure 4A-D). Adhesion was largely dependent
on the VLA-4-VCAM-1 system because VLA-4 or VCAM-1 mAb
treatment reduced adhesion levels by approximately 70% (data not
shown). We then examined the contribution of Rapl and talin.
Rapl-depleted BAF cells largely retained unpolarized shapes and
showed marked reduction in migration velocities and displace-
ments, compared with those of control BAF cells (Figure 4A-B).
Spal, a Rap1GAP, suppressed cell motility more severely. The
knockdown of talin did not affect cell polarization but decreased
adhesion and migration of BAF/LFA-1 cells on a BL.S4 monolayer
(Figure 4C-D).

To address whether RAPL is also involved in lymphocyte
motility on FRCs, we used T and B lymphocytes from RAPL /-
mice. Because primary lymphocytes show only a weak motility on
BLS4 cells, T or B cells were activated with an anti-CD3 mAb or
LPS for several days. In this system, wild-type T cells showed
active migration with an average velocity and displacement rate of
9.5 pm/minute and 44.0 pm/10 minutes, respectively (Figure
4E-F; supplemental Video 14). Treating with mAbs for LFA-1 and
VLA-4 or ICAM-1 and VCAM-1 reduced the adhesion levels of
CD3-stimulated lymphoblasts by 70%, the velocity by 20% to
30%, and the displacement by 30% to 40% (data not shown). When
RAPL™/~ T cells were applied to a BLS4 monolayer, they could
adhere to the monolayer, but a large fraction of them retained
unpolarized shapes and migrated within a limited area with an
average velocity of 5.7 pm/minute. Trajectory analysis showed
that a RAPL deficiency affected movements with high velocities
and displacement rates {Figure 4E-F; supplemental Video 15).
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Figure 4. Cell motility over the monolayer of BLS4 cells, an ER-TR7* FRC cell line. (A) Representative cell tracks of BAF/L-selectin/LFA-1 cells transfected with vector
(ct), Rapt -specific shRNA (Rap1KD), or Spai over BLS4 cells. Each line represents a single-cell track. (B) Displacement and velocity of BAF/L-selectin/LFA-1 cells
transfected with vector (ct, (1) or Rap1-specific shRNA (KD, B) or Spal (@) over BLS4 cells. Each line represents a single-cell track. *P < .001. **P < .05. (C) Representative
tracks of BAF/L-selectin/LFA-1 cells transfected with vector (ct) or talin-specific sShRNA (KD) over BLS4 cells. Each line represents a single-cell track. (D) Displacement and
velocity of BAF/L-selectin/LFA-1 cells transfected with vector (ct, ) or Talin-specific ShRNA (KD, B over BLS4 cells. *P < .001. (E) Cell motility of wild-type and RAPL-/-
lymphocytes over the BLS4 monolayer. Representative tracks of wild-type and RAPL™~ T-cell blasts and B-cell blasts over BLS4 cells as indicated. Each line represents a
single-cell track on the monolayer recorded every 30 seconds for 10 minutes. The median displacement was 35.1 pm/10 minutes for wild-type T cells and 10.5 pm/10 minutes
for RAPL/~ T cells. The median displacement was 19.4 um/10 minutes for wild-type 8 cells and 6.9 um/10 minutes for RAPL=/~ B cells. (F) Median velocity of wild-type and
RAPL~/~ T and B celis shown in panel E. The velocity data were obtained from movements measured every 30 seconds. *P < .001
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Figure 5. Contribution of Gi, integrin ligands, and RAPL to cell A
migration within the LN. (A) Lymphocyte movement in B-cell
follicles observed by intravital microscopy of inguinal LN. Represen-
tative tracks of wild-type lymphocytes in recipient mice injected with
control rat IgG (ct) (green), anti-ICAM-1 and anti-VCAM-1 mAbs
(red), or pertussis toxin (blue). Representative tracks of RAPL-
deficient lymphocytes (yellow) in untreated, normal recipient mice

ct
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are shown. (B) Displacement and velocity profiles of wild-type and
RAPL~/~ lymphocytes in recipient mice shown in panel A. Fifty-nine
cells were tracked for 10 minutes for each dataset. The velocity data
were obtained from movements measured every 30 seconds.
(C) Median displacement and velocity of populations shown in
panel B. Statistical significance was determined by a t test. *P < .001
compared with lymphocytes in rat IgG-administered recipient mice. B
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RAPL~/~ B cells migrated poorly on the BLS4 monolayer with
reduced velocity and minimum displacement (Figure 4E-F).
Compared with T cells, B cells exhibited slower movement on
the BLS4 monolayer with a 5.2 pm/minute velocity (Figure
4E-F). These results indicate that Rapl-RAPL signaling is
required for efficient directional movement of cultured lympho-
blasts on the FRC monolayer through regulation of both cell
polarization and integrin adhesion.

Defective interstitial migration of RAPL~/~ lymphocytes

To further investigate whether RAPL plays an important role in
interstitial migration in vivo, we recorded the movement of
adoptively transferred splenic lymphocytes within the inguinal LN
by intravital epifiuorescence microscopy and a high-sensitivity
digital CCD camera. The cortex side of the inguinal LN was
exposed from the skin and set under the microscope. Preliminary
experiments confirmed that this experimental setting could detect
active B-cell movement in follicles but not T-cell motility in the
paracortex area. Wild-type lymphocytes actively migrated with an
average velocity and displacement rate of 8.5 pm/minute and
38.1 pm/10 minutes, respectively. Intraperitoneally administered
anti-VCAM-1 and anti-ICAM-1 mAbs bound to the FRC and
FDC networks (supplemental Figure 7) and significantly retarded
movement characterized by a decreased velocity and displacement
rate, whereas control rat IgG had no significant effects (Figure 5),
indicating that integrin-dependent adhesion facilitates lymphocyte
motility within the LN. Further, lymphocyte motility was inhibited
severely by pertussis toxin treatment (Figure 5), consistent with
previous reports.’>3¢ Although lymphocytes were detected regard-
less of RAPL expression, RAPL ™/~ lymphocytes were inefficient
in trafficking to the LN and required adoptive transfer of a greater
numbers of lymphocytes to be tracked for 18 hours after transfer. In
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contrast to wild-type lymphocytes, most RAPL™~ lymphocytes
remained near the original tracking sites with reduced average
velocities (1.8 wm/minute) and displacement rates (10.9 pm/10
minutes; Figure 5). Most RAPL™~ lymphocytes, which either
constantly changed cell shape or remained round, failed to initiate
steady movement.

To examine the movement of T cells that localize primarily in
the paracortical areas (100-300 wm below the capsule), intravital
imaging of popliteal LN was performed using a multiphoton laser
microscope 24 hours after adoptively transfer of differentially
labeled wild-type and RAPL™" T cells into the same recipient
mice. RAPL™/~ T cells exhibited a significant reduction in mean
velocity compared with wild-type T cells. Trajectory analysis
indicated that the 3-dimensional displacement of RAPL ™/~ T cells
during the observation period was severely compromised (Figure
6; supplemental Video 16). Consistent with this observation,
RAPL-deficient lymphocytes were distributed in limited areas
within the LN compared with wild-type lymphocytes after adoptive
transfer (data not shown). Collectively, these results reveal that
RAPL contributes to efficient interstitial migration.

Discussion

This study provides novel information on the roles of Rapl and
RAPL signaling during entry into and trafficking within the LN.
Rapl is necessary for the rapid, chemokine-induced activation of
LFA-1 that mediates arrest, but RAPL is not involved in the
Rapl-dependent initial step of this arrest. Subsequently, Rapl,
together with RAPL, stabilizes adhesion. They are also required for
the motility of cultured lymphoblasts on FRC cells in vitro and
contribute to the high-velocity directional movements of primary
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Figure 6. Interstitial migration of wild-type and RAPL-deficient T cells analyzed
by intravital 2-photon microscopy. (A) Representative tracks of wild-type T cells
(red) and RAPL~/~ T cells {green) in popliteal LN. Each line represents a single T-cell
track. (B) Displacement and velocity profiles of wild-type T cells and RAPL-deficient
T cells. Forty cells of each type were tracked for 30 minutes for each dataset.
*P < .001, compared with wild-type cells.

T and B celis mediated, at least in part, by ICAM-1 and VCAM-1
within the LN.

Because LFA-1 can act as the rolling receptor in some cellular
contexts and under low shear flow, allowing pre-engagement of
LFA-1 before the arrest,®% it is difficult to distinguish intracellular
signaling required for the initial arrest from the subsequent
stabilization of engaged LFA-1. We confirmed that, in our experi-
mental system reproducing L-selectin—~dependent rolling to arrest
by LFA-1 under shear flow at 2 dyne/cm?, the blockade of LFA-1 or
ICAM-1 did not affect rolling frequencies and velocities, ruling out
the possibility of the pre-engagement of LFA-1 before the arrest.
Under this condition, it is predicted that, when inside-out signaling
by chemokines is blocked, the cells keep rolling through L-selectin
engagement, whereas inhibition of the outside-in signaling should
result in unstable arrest by LFA-1. The experiments with shRNA-
mediated knockdown demonstrate that Rapl acts through inside-
out signaling and RAPL through outside-in signaling during arrest.
This raises an issue as to how Rapl possibly regulates subsecond
activation independently of RAPL. There are other Rapl-binding
proteins potentially involved in lymphocyte adhesion, including
RIAM.*” However, CCL25-triggered adhesion of a human T-cell
line to VCAM-1 through VLA-4 was inhibited by knockdown of
Rapla/b and RAPL, but not RIAM.?® Therefore, it is an important
issue to be solved in the future, as to the mechanism by which Rapl
regulates subsecond LFA-1 activation.

The W747A mutation of the cytoplasmic region of the B2 tail
induced spontaneous arrest independent of chemokines. It is widely
thought that the association (clasping) and separation (unclasping)
of the a and B tail is translated into inactive, bent low-affinity
conformations and active, extended high-affinity conformations,
respectively, and that the inside-out and outside-in signaling
induces the separation.? The mutational and structural studies have

BLOOD, 28 JANUARY 2010 - VOLUME 115, NUMBER 4

demonstrated that the membrane proximal “hinge” region, GFFKR*
in the o and the corresponding [ cytoplasmic region, plays a
critical role for clasping and restraining the integrin in a resting
state.3132 Therefore, it is possible that the W747A mutation causes
unclasping, leading to constitutive activation of LFA-1. This is
doubtful for several reasons. First, W747 is far from the hinge
region (corresponding to B2 723-731), and the tryptophan residue
at the homologous position in o3 is not involved in the « and
B cytoplasmic tail contacts.’® Second, deletion after the GFFKR
motif did not result in constitutive activation. Finally, the W747
mutation did not induce extended, open conformations of LFA-1,
which are induced by hinge-disrupting mutations, such as A723
and A731 mutations in this study. Thus, the chemokine-
independent arrest by the W747A mutation is not simply explained
by unclasping of the al. and B2 subunit. Because the 32/745-750
region overlaps the talin interacting region,® talin might act as a
restraint as well as a positive regulator.*! However, knockdown of
talinl, the major isotype expressed in splenic lymphocytes and
BAF cells, with talin2 below detectable levels (data not shown),
failed to increase arrest adhesion without chemokine but severely
inhibited stable arrest, thus indicating that talin does not act as
restraint but plays the important role in stable adhesion.?”#? There
has been so far no reports of B integrin-associated molecules
interacting with the W747 residue. Immunoprecipitation experi-
ments are so far unsuccessful to detect the putative restraint.
Further studies with improved methods are needed to clarify the
molecular characterization of restraint.

The result showing that the short peptide (S745-D750) covering
the critical W747 induced the spontaneous arrest suggests that a
trans-acting “restraint” binds to this region, keeping LFA-1 inac-
tive, and release of the restraint by competitive inhibition with the
peptide could lead to activation of LFA-1 for the initial arrest. It is
conceivable that Rapl could release the restraint on chemokine
stimulation and induce the initial arrest because the knockdown of
Rapl in W747A mutants did not abrogate transient arrest (Figure
3). We could not clarify what effect a release of the restraint has on
LFA-1. Previous studies suggest that LFA-1 extension with interme-
diate to high affinities induces arrest under shear flow,%627 and in
human T cells LFA-1 unbending by chemokine was suppressed by
inhibition of Rap1 activation. However, chemokine-triggered LEA-1
extension did not require Rapl in our system, suggesting other
compensatory mechanisms through Rap1-related GTPases, such as
Rap?, or through Rho-PI5kinase,*? operating for LFA-1 extension
in a cellular context-dependent manner. Our results suggest that the
function of Rapl in the initial arrest occurs independently of
extension conformational changes; instead, chemokine signaling
coordinates the Rapl and Rho signaling to initiate arrest.

Our results showed that RAPL and talin acted at the stabiliza-
tion step but did not play a critical role in initial arrest. We
previously showed that RAPL could associate with LFA-1 depend-
ing on activated Rapl and the oL cytoplasmic tail, which was
necessary for binding to ICAM-1.22 We could not detect the
association of RAPL and talin, suggesting that they act indepen-
dently through binding the al. and B2 tail, respectively. The arrest
of cells expressing B2/W747A or A745-750 also required RAPL
and talin for stabilization (data not shown). Further, knockdown of
Rapl converts stable arrest into transient arrest in W747A mutants,
indicating that stabilization of ligand-engaged LFA-1 still requires
Rapl. Because Rapl is also activated by ligand-bound LFA-1 in
lymphocytes,* sequential Rapl activation might occur by chemo-
kine and ligand-bound LFA-1 to stabilize the arrest through RAPL,
together with talin. Based on these findings, we propose sequential
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Rapl-mediated regulatory steps that control arrest and firm adhe-
sion (supplemental Figure 8). LFA-1 is kept in a low-affinity
bent-conformation state by the binding of a restraint to the B2 tail.
Rapl activation by chemokine initiates the adhesion cascade by
release of the restraint, which could induce subsecond arrest
adhesion (step 1). Transient adhesion is stabilized through the
continuing activity of Rapl by the binding of talin or other 2 tail
interactors and RAPL (step 2), perhaps through separation of
cytoplasmic tails.’ In addition, shear force facilitates affinity
conformation of the I domain and enforced stabilized ligand-bound
extended conformation.?’” Thus, our results support a model that
arrest adhesion is regulated by bidirectional, inside-out and
outside-in signaling,*> and Rap1 activation is required throughout
these processes.

Rapl and RAPL function uniquely to induce migratory cell
shapes and facilitate cell migration through endothelial cells under
shear flow or on ICAM-1-coated surfaces.?>3*46 However, whether
this signaling also plays a role in dynamic lymphocyte interstitial
migration in lymphoid tissues is not yet known. Lymphoblasts
exhibited active migration in vitro, as seen on the BLS4 FRC
monolayer in this study. This motility was mediated mostly by
LFA-1 and VL.A-4 and severely impaired by Rapl inhibition. The
inhibitory effect of Rapl depletion was also confirmed by Rapl
inhibition by Spal. The inhibitory levels by Spal were more
evident than Rap1 depletion. This suggests that the weak adhesive
interactions resulting from incomplete Rapl depletion can still
support cell migration under nonflow conditions, or other signaling
pathways could be involved in cell motility. RAPL™~ T and
B lymphoblasts exhibited reduced motility and displacement with
poor development of cell polarity. In vivo, primary RAPL™/~
lymphocytes remained motile, to some extent, in the B-cell follicle
and T-cell areas. However, they changed orientation frequently
with reduced average velocities, resulting in defective long-
distance migration. We showed that administering ICAM-1 and
VCAM-1 antibodies in vivo decreased only high-velocity direc-
tional movements of lymphocytes. A small reduction in average
velocity was also observed by CD187/~ lymphocytes.!® Neverthe-
less, the contribution of integrins to overall cell motility is
relatively small compared with that of Gi signaling and RAPL,
suggesting that other adhesion molecules and/or immobilized
chemokines by themselves'®*7 support cell motility in the LN
environment. This implies that Rapl and RAPL play more
fundamental roles in cell motility in addition to integrin regulation.
For example, chemokines stimulate lymphocyte polarization with a
leading edge and uropod, a process that is independent of cell
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attachment but requires Rapl and RAPL.?%3 Thus, Gi signaling
followed by Rap! and RAPL triggered by homeostatic chemokines
presented on the LN stromal network controls the basic cellular
machinery of movement in which integrins contribute to fast-speed
movement, probably along the LN stromal network.>1?

Our study provides new evidence that Rapl and RAPL signal-
ing plays critical roles from LN entry to interstitial migration.
Future studies are needed to elucidate how Rapl and RAPL operate
at the molecular level. In addition to trafficking and antigen
recognition, LFA-1 has been suggested to play a role in regulatory
T-cell development and function.*®* Therefore, impairment of
integrin regulation might lead to impairment of tolerance, leading
to autoimmunity. The effects of Rapl and RAPL on homeostasis of
the immune system need detailed analysis.
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Mst1 controls lymphocyte trafficking and
interstitial motility within lymph nodes

Koko Katagiri’, Tomoya Katakai’,
Yukihiko Ebisuno’, Yoshihiro Ueda’,
Takaharu Okada?? and Tatsuo Kinashi'*

'Department of Molecular Genetics, Kansai Medical University,
Fumizono-cho, Moriguchi-City, Osaka, Japan, *Department of Synthetic
Chemistry and Biological Chemistry, Innovative Techno-Hub for
Integrated Medical Bio-imaging, Graduate School of Engineering, Kyoto
University, Katsura Campus, Nishikyo-ku, Kyoto, Japan and *Research
Unit for Immunodynamics, RIKEN, Research Center for Allergy and
Immunology, Suehiro-cho, Tsurumi-ku, Yokohama, Kanagawa, Japan

The regulation of lymphocyte adhesion and migration
plays crucial roles in lymphocyte trafficking during im-
munosurveillance. However, our understanding of the
intracellular signalling that regulates these processes is
still limited. Here, we show that the Ste20-like kinase Mst1
plays crucial roles in lymphocyte trafficking in vivo.
Mst1™/~ lymphocytes exhibited an impairment of firm
adhesion to high endothelial venules, resulting in an
inefficient homing capacity. In vitro lymphocyte adhesion
cascade assays under physiological shear flow revealed
that the stopping time of Mst1~/~ lymphocytes on endothe-
lium was markedly reduced, whereas their L-selectin-
dependent rolling/tethering and tramsition to LFA-1-
mediated arrest were not affected. Mst1™/~ lymphocytes
were also defective in the stabilization of adhesion
through o4 integrins. Consequently, Mst1™/~ mice had
hypotrophic peripheral lymphoid tissues and reduced
marginal zone B cells and dendritic cells in the spleen,
and defective emigration of single positive thymocytes.
Furthermore, Mst1 ™/~ lymphocytes had impaired motility
over lymph node-derived stromal cells and within lymph
nodes. Thus, our data indicate that Mstl is a key enzyme
involved in lymphocyte entry and interstitial migration.
The EMBO Journal advance online publication, 2 April 2009;
doi:10.1038/embo;j.2009.82

Subject Categories: cell & tissue architecture; immunology
Keywords: adhesion; LFA-1; migration; Mstl

Introduction

Naive lymphocytes continuously circulate between second-
ary lymphoid tissues and vasculatures in search of foreign
antigens (Butcher et al, 1999). Lymphocyte trafficking in the
peripheral lymph nodes (LNs) is generally divided into four
steps: entry through the high endothelial venules (HEV),
interstitial migration, antigen scanning and exit through the
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efferent lymphatics (von Andrian and Mempel, 2003). Our
understanding of the lymphocyte trafficking has been greatly
advanced by the identification of adhesion molecules,
chemokines, phospholipids and their receptors. During lym-
phocyte homing to the peripheral LN, naive lymphocytes are
first captured by weak binding between r-selectin and a
sulphated sialyl Le*-related carbohydrate, resulting in rolling
on the HEV. When rolling lymphocytes are exposed to
chemokines on the luminal side of the HEV, chemokine
signalling coupled with Gi hetero-trimeric G proteins acti-
vates LFA-1, resulting in a complete stop. In gut-associated
lymphoid tissues, «4p7 and mucosal addressin cell adhesion
molecule-1 (MAdCAM-1) also support lymphocyte rolling and
arrest. Within seconds to minutes, lymphocyte adhesion is
stabilized and these cells transmigrate through the HEV into
the tissues. Recent observations using multiphoton micro-
scopy have revealed a robust random walk-like motility of
naive lymphocytes within the LNs (Sumen et al, 2004).
Lymphocytes appear to move in close proximity to intricate
stromal networks composed of fibroblastic reticular cells in
the paracortex and follicular dendritic cells (DCs) in the
follicles (Bajenoff et al, 2006}, suggesting that cell-cell inter-
actions and/or tissue-derived factors enhance cell motility.

Chemokines, in either gradients or nongradients, can
activate integrins and induce lymphocyte polarized morphol-
ogy, generating a leading edge and uropod and stimulating
cell motility (Sanchez-Madrid and del Pozo, 1999;
Stachowiak et al, 2006). Chemokine signalling is coupled
with pertussis toxin-sensitive Gi/o hetero-trimeric G proteins,
as illustrated by the ability of pertussis toxin treatment to
inhibit chemokine-triggered integrin activation and attach-
ment to the HEV (Butcher et al, 1999) as well as lymphocyte
motility within the LN (Okada and Cyster, 2007). Gene
targeting of Gui2 impairs B-cell lymphocyte homing and
interstitial motility (Han et al, 2005). Chemokines activate
multiple signalling pathways, including the Ras/Rho family
of small GTPases. For example, DOCK2 is a Rac guanine
exchange factor that is critical for actin cytoskeletal rearran-
gements in lymphocytes (Fukui et al, 2001), integrin activa-
tion and trafficking in B cells (Nombela-Arrieta et al, 2004),
and directional high-velocity lymphocyte movement within
the LN (Nombela-Arrieta et al, 2007). Rho GTPase signalling
also plays important roles in lymphocyte adhesion and
migration (Laudanna et al, 2002). Indeed, the actin-nucleat-
ing and polymerization protein, mDial, acts as a downstream
Rho GTPase effector and is required for efficient chemokine-
stimulated actin polymerization and T-cell trafficking in vivo
(Sakata et al, 2007). Coroninl, an Arp2/3 inhibitory protein,
is required for efficient T-cell trafficking in wvivo, uropod
formation and cell survival (Foger et al, 2006).

In addition to actin regulators, the Rapl small GTPase
activates integrins and stimulates lymphocyte polarization
and motility (Bos et al, 2001; Kinashi, 2005). A deficiency in
the Rapl-specific CalDAG-GEFI through gene targeting in
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mice (Crittenden et al, 2004; Bergmeier et al, 2007) or
abnormal splicing in human LAD-III patients (Pasvolsky
et al, 2007}, severely impairs the functions of leukocyte and
platelet integrins. We reported earlier that RAPL (also known
as RASSFSb), a Rapl-GTP binding protein expressed predo-
minantly in lymphoid tissues, was required for lymphocyte
adhesion through LFA-1 and ¢4 integrins and cell polarization
triggered by chemokines. RAPL™~ lymphocytes showed
defective lymphocyte homing to peripheral LN (Katagiri
et al, 2003, 2004). We identified mammalian Ste20-like kinase
(Mstl, also known as Stk4) as a critical RAPL effector. RAPL
associates with Mstl and regulates the localization and
kinase activity of Mstl. Knockdown of Mstl showed that it
is required for polarized morphology and integrin-dependent
lymphocyte adhesion (Katagiri et al, 2006).

Mstl was originally identified as a protein kinase homo-
logous to yeast sterile 20 that acts downstream of the
pheromone-linked G protein in the mating pathway (Creasy
and Chernoff, 1995). The mammalian Ste20 group of kinases
regulates diverse biological functions including proliferation,
differentiation, apoptosis, morphogenesis and cytoskeletal
rearrangement. Mstl was reported earlier to be involved in
apoptosis through caspase-mediated proteolytic activation
and histone H2B phosphorylation (Cheung et al, 2003), or
in a proapoptotic pathway of Ki-Ras through Norel
(Khokhlatchev et al, 2002). Hippo, the Drosophila ortholog
of mammalian Mstl and Mst2, has been shown to be
involved in cell contact inhibition and the determination of
organ size through negative regulation of cell proliferation
and apoptosis {(Zeng and Hong, 2008). To clarify the physio-
logical roles of Mstl in primary lymphocytes and trafficking
in vivo, we generated Mstl-deficient mice. Mstl-deficient
mice grew normally with no gross abnormalities. However,
peripheral lymphoid organs were hypoplastic. Mst1™/~ lym-
phocyte trafficking to the peripheral LN was defective due to
impairment at a transition from transient arrest to stable
attachment of lymphocytes on HEV. Furthermore, Mstl ™/~
lymphocytes exhibited defective motility on LN-derived stro-
mal cells and interstitial migration within LNs. Our study also
reveals that Mstl is required for proper localization of
marginal zone B (MZB) cells and splenic CDllc* DC.
Thus, these results show the crucial roles of Mstl in regulat-
ing lymphocyte trafficking.

Results

Hypoplastic secondary lymphoid organs

in Mst1~/~ mice

The Mstl protein was expressed predominantly in lymphoid
tissues, and both Tand B cells expressed Mstl. Mstl was also
detected at lower levels in the lung and brain but was below
detectable levels in the kidney, liver, heart and skeletal
muscle (Figure 1A). To generate Mstl ™/~ mice, mice carrying
floxed Mst1 alleles (Mst1”%) were produced by gene targeting,
in which exon 1 containing the initiation codon was flanked
with loxP sites, and then mated with CAG-Cre transgenic
mice to delete exon 1 ubiquitously (Supplementary Figure 1).
Southern blot analysis confirmed that exon 1 was completely
deleted in Cre™ Mstl¥! mice (Supplementary Figure 1).
Although Mstl was comparably expressed in wild-type and
Mst1"" mice, the Mst1 protein was not detected in the tissues
of Cre* Mstl”! mice with no apparent generation of a

2 The EMBO Journal

truncated Mstl protein (Figure 1A). We hereafter refer to
Cre* Mst1”! mice as Mst1™~ mice. Mst2, which is homo-
logous to Mstl (78% amino acid identity), was expressed in
all tissues examined, and there were no concomitant changes
in expression with the Mstl deficiency (Figure 1A). Mst1 ™/~
mice were born with expected Mendelian frequencies and
grew normally without gross abnormalities. Analysis of
Mstl™/~ tissues revealed hypoplastic lymphoid tissues,
whereas there were no apparent abnormalities in other
tissues including the lung and brain (data not shown). The
number of both T and B cells was decreased in the peripheral
LN, Peyer’s patches and spleen (Figure 1B, D and F).
Immunohistology showed decreases in the sizes and cellular
densities of B-cell follicles and T-cell areas of these secondary
lymphoid tissues (Figure 1C, E and G). The architecture of
lymphoid tissues, including the segregation of T and B cells,
distribution of the HEV, and stromal networks appeared
normal (Figure 1; Supplementary Figure 2). The proliferative
response of Mst1 ™~ B cells stimulated with BCR ligation was
normal, whereas T-cell growth responses were rather aug-
mented compared with control cells when stimulated with
TCR ligation (Supplementary Figure 3). There were no sig-
nificant differences in spontaneous apoptosis of mature T and
B cells, although double-positive thymocytes from Mstl™/~
mice displayed slightly enhanced cell survival (see below).
Therefore, proliferation and apoptosis could not account for
the reduced lymphocyte numbers in lymphoid tissues.

Defective lymphocyte trafficking to the peripheral LN
As the cellularity in peripheral lymphoid tissues was reduced,
we examined whether an Mstl deficiency could impair
lymphocyte homing to secondary lymphoid organs. T and B
lymphocytes were isolated from the LNs and spleens of
Msti¥f and Msti™/~ mice, both of which exhibited naive
phenotypes for T cells (CD62LMCD44°CD697) and B cells
(CD62 L+ IgM " 1gD™). Control Mst1”" and Mst1~/~ lympho-
cytes were differentially labelled and adoptively transferred
into normal mice. Trafficking of Mst1™~ T cells to the
peripheral LNs and spleen was reduced to one fourth and
one third, respectively, of control T cells (Figure 2A). Mst1™/~
B-cell trafficking to the LN was also reduced to one fourth
compared with that of control B cells (Figure 2A). These data
suggest that hypoplastic lymphoid tissues are due to impaired
homing capacity of Mstl-deficient lymphocytes.

We examined attachment to the HEV for control and
Mstl ™/~ lymphocytes simultaneously by intravital micro-
scopy. Although accumulation of attached control T cells
(green) on the HEV in the mesenteric LN was obvious
20min after transfer, Mstl™/~ T cells (red) poorly attached
to the HEV (Figure 2B). We quantified the number of attached
cells using images of several microscopic fields taken 30 min
after cell transfer. The number of attached Mst1™/~ T cells
was decreased by approximately 65% compared with control
cells (Figure 2B). Although B cells tended to be less efficient
than Tcells in attaching to the HEV, attachment of Mst1™/~ B
cells to the HEV was reduced by approximately 75% com-
pared with control B cells (Figure 2B).

Impaired integrin-dependent firm adhesion of Mst1~/~

T and B cells

Naive lymphocyte interaction to the HEV in peripheral LN is
regulated by adhesive cascades initiated by L-selectin-

©2009 European Molecular Biology Organization
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Figure 1 Hypoplastic lymphoid organs in Mst1-deficient mice. (A) Expression of Mstl and Mst2 in organs of wild-type (+/+), Mt flox/flox
(t/f) and Cret Mst1o¥fex (_/_} mice. Tubulin served as a loading control. (B) Total and CD3* and B220™" subset cell numbers in the
inguinal lymph nodes. Total and subset numbers of axillary, popliteal, cervical and mesenteric lymph nodes in Mst1-deficient (—/—) mice were
decreased to similar extents. n=5 for each, *P<0.00l, **P<0.005, compared with the corresponding Mst1™¥/1°% (f/f) fractions.
(C) Immunofluorescence staining of frozen tissue sections of axillary lymph nodes for B cells (B220; green), T cells (CD3; red) and laminin
(blue). (D) Total and CD3 " and B220™" subset cell numbers in Peyer’s patches. n=5 for each, *P<0.001, compared with the corresponding
Mst1flox/fex (f/f) fractions. (E) Immunofluorescence staining of frozen tissue sections of Peyer’s patches for B cells (B220; green), T cells (CD3;
red) and laminin (blue), (F) Total and CD3* and B220™ subset cell numbers in spleens. n =5 for each, *P<0.01, **P<0.005, compared with
the corresponding Mst1f1ox/10% (£/f) fractions. (G) Immunofluorescence staining of frozen tissue sections of the spleen for B cells (B220; green),

T cells (CD3; red) and laminin (blue).

mediated tethering and rolling, followed by chemokine-
triggered integrin activation and integrin-dependent arrest.
Expression of L-selectin, LFA-1, ¢4 integrin and chemokine
receptors CCR7 and CXCR4 was not affected in Mst1™/~
lymphocytes {Supplementary Figure 4). To clarify specifically
which step in the interaction with the HEV is impaired in
Mst1 ™~ lymphocytes, we established an in vitro assay that
reconstitute the lymphocyte adhesion cascade using endothe-
lial cells (Kimura et al, 1999; Shamri et al, 2005) that express
peripheral node addressin (PNAd) and ICAM-1, as intravital
microscopic experiment was not found to be suitable for
dissection of each step of adhesion cascades quantitatively.

©2009 European Molecular Biology Organization

T cells were perfused into a parallel plate flow chamber
coated with the endothelial monolayer with immobilized
CCL21. The interactive processes were video-recorded and
digitized with 30-ms intervals for a frame-by-frame cell
tracking analysis. Representative profiles of the interactive
processes were shown in Figure 3A. A fraction of T cell
transiently attached, rolled and stopped under physiological
shear stress (2-6dyne/cm?®), whereas low shear stress
(<0.5dyne/cm?) did not support rolling efficiently (data
not shown), as reported before (Finger et al, 1996). As
transition from the rolling to the arrest was best observed
at 2dyne/cm?® in this system, the experiments were per-
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Figure 2 Defective homing of Mstl-deficient lymphocytes.
(A) Adoptive transfer of T cells. T cells from Mst17¥/1o% (f/f) and
Mstl-deficient {—/—) mice were labelled with CFSE and CMTMR,
respectively, They were mixed in equal numbers and injected into
the tail veins of wild-type (Wt) mice. After 1h, lymphocytes from
the peripheral lymph nodes, spleen and blood were analysed by
flow cytometry. Representative flow cytometry profiles of blood,
lymph nodes, and spleen are shown. Numbers beside the boxed
areas indicate the ratio of Mstl-deficient cells to Mst1®o¥/fox (f/f)
cells (up‘per panel). Adoptive transfer of B cells. B cells from
Mstifoxflox (f/f) and Mstl-deficient (—/—) mice were similarly
analysed as the Tcells (lower panel). (B) Appearance of lymphocyte
attachment to the HEV of the mesenteric lymph node. Intravital
images of lymphocyte attachment to the HEV were taken 20 min
after intravenous transfer of lymphocytes from Mstrflox/flox (g/fy
(green) and Mstl-deficient (—/—) (red) mice (top). Representative
images of three independent experiments are shown. The number
of attached Mst11e*/1°% (£/f) or Mst1 ™/~ (—/=) T and B cells to the
HEV. The number of attached cells were counted using images of
more than five microscopic fields taken 30 min after cell transfer
(bottom). Representative data of three independent experiments are
shown. *P<0.01, **P<0.005, compared with the corresponding
Mst1flox/fox (£/6) fractions. A full-colour version of this figure is
available at The EMBO Journal Online.

formed under this condition. The addition of anti-L-selectin
antibody completely abolished adhesive events, as cells
travelled at velocities approximately equivalent to theoretical
velocities of noninteracting cells (> 500 um/s) (Figure 3A, B
and D; Supplementary video 1). r-selectin-dependent inter-
actions in the presence of anti-LFA-1 antibody resulted in a
brief stop, which was <0.5s (tether), or rolling with variable
velocities (average 69.7pm/s) (Figure 3A, B and D;
Supplementary video 2). In the presence of immobilized
CCL21, 60% of control T cells were attached to the endothe-
lial cells for >1s. A few cells detached within 10s, but 94%
of the attached cells stopped for >10s, mostly over 2-min
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Figure 3 Defective integrin-dependent stable adhesion of Mstl-
deficient lymphocytes. (A) Time-displacement profiles of individual
T-cell movement over LS12 endothelial monolayers under shear
flow. Primary T cells from control mice perfused at 2 dyne/cm” on
LS12 monolayers immobilized with CCL21. Representative profiles
of the cellular displacements over time were shown in four cate-
gories (no interaction, rolling, tether, transient and stable arrest), as
described in the text. (B) The noninteracting and rolling velocities
of control T cells movements on LS12 in the presence of anti-L-
selectin and anti-LFA-1 antibody. (C) Stopping time of Mst flox/flex
(f/f) or Mstl-deficient (—/~) T cells arrested on LS12 endothelial
cells were shown. More than 100 cells were measured in three
independent experiments, and representative distribution of stop-
ping time is shown. (D) Effects of anti-L-selectin, anti-LFA-1, PTX
and Mstl-deficiency on the interactions of T cells with LS12
endothelial cells. Control Mst1%* % (£/f) T cells were pretreated
with anti-L-selectin, LFA-1 and pertussis toxin (PTX), as described in
Materials and methods. Mst1™°%/1% (£/f) T cells and Mst1-deficient
(—/=) T cells perfused at 2 dyne/cm? on LS12 monolayers, which
was immobilized with CCL21. The adhesive events of > 100 cells
were measured and categorized as described in (A). Data represent
the means and s.e.m. of three independent experiments. *P<0.001,
compared with Mst190%/1°% (f/) lymphocytes.

observation time (Figure 3C, D; Supplementary video 3).
Therefore, we categorized the LFA-1-dependent adhesion
into the transient (0.5-10s) and stable arrest (>10s), de-
pending on dwell time on endothelial cells. As expected, PTX
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treatment inhibited the arrest, both transient and stable,
without affecting tether/rolling (Figure 3D}, indicating that
LFA-1 is activated by the intracellular signalling mediated
through the Gi family. Mst1™~ T cells tethered and rolled
normally, indicating that L-selectin-dependent adhesive inter-
action is not affected. However, the LFA-1-dependent adhe-
sion was found to be unstable with >80% of Mstl ™/~ T cells
were detached within 5 s (Figure 3C, D; Supplementary video
4), indicating that Mst1 plays a critical role in stabilization of
the transient arrest.

We also examined under flow adhesion to the 947 ligand
MAdCAM-1, the major ligand for homing to Peyer’s patches.
Control T and B cells displayed tethering/rolling, which
efficiently resulted in stable arrest in the presence of chemo-
kines (Supplementary Figure 5). Although the frequencies of
the transient arrest were rather increased, both Mst1 ™~ Tand
B cells had defective stable arrest that was reduced to
approximately one third of control cells {Supplementary
Figure S). Taken together, these data indicate that the reduced
homing capacity of Mstl™~ lymphocytes is due to the
impairment in stabilization of integrin-dependent arrest on
HEV.

Mst1-/~ lymphocytes are defective in LFA-1 clustering
and talin accumulation at the contact sites

Under flow conditions, lymphocytes have to develop integrin-
dependent stable adhesion within seconds. We also examined
roles of Mstl in the stabilization of lymphocyte adhesion
under static conditions, in which cells might develop stable
adhesion by other mechanisms. The lymphocytes were al-
lowed to adhere to immobilized integrin ligands for several
minutes before subjected to shear flow. Compared with
control tymphocytes, there were few Mst1™~ T and B cells
that exhibited shear resistant, firm attachment to ICAM-1
after a 10-min incubation in the presence of CCL21 for T cells
and CXCR4 ligand CXCL12 for B cells (Figure 4A). The stable
adhesion of both Mst1™/~ T and B cells to the VLA-4 ligand
VCAM-1 were also severely decreased (Figure 4B), compared
with those of control T and B cells. Thus, Mstl plays a
nonredundant role in adhesion stabilization under static as
well as flow conditions.

We reported earlier that Mstl is required for cell polariza-
tion and LFA-1 clustering triggered by chemokines but not
involved in the regulation of LFA-1 affinity changes measured
by binding to soluble ICAM-1 (Katagiri et al, 2006). We
examined whether an Mstl deficiency in primary lympho-
cytes affected LFA-1 clustering and lymphocyte polarization
in response to chemokines. T and B cells were treated with
CCL21 and CXCL12 for 5min in suspension and were then
fixed and stained for LFA-1 and CD44. Approximately
20-25% of chemokine-stimulated T and B cells from control
mice showed polarized morphologies with a leading edge and
uropod, to which LFA-1 and CD44 were clustered, respec-
tively (Figure 4C). Although talin tended to be accumulated
at the leading edge, it was not precisely colocalized with
clustered LFA-1 (data not shown). The majority of Mst1 ™/~
T and B cells remained unpolarized, and the redistribution of
LFA-1 was not clearly observed (Figure 4C). The defects in
cell polarization and LFA-1 clustering were also observed
when incubated on ICAM-1 in the presence of chemokines
(Figure 4D). In control cells, LFA-1 clustering was observed at
the contact sites on ICAM-1, where talin was colocalized
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(Figure 4D}, in agreement with the important role of talin in
the final common step of integrin activation (Tadokoro et al,
2003). In contrast, colocalization of LFA-1 with talin was not
observed clearly on the contact site of Mstl™~ cells upon
attachment to ICAM-1 (Figure 4D). These data suggest that
the chemokine-triggered lymphocytes attach to ICAM-1
through LFA-1 clustering, and the impaired LFA-1 clustering
in Mst1™/~ cells result in defective talin recruitment to the
contact sites, leading to unstable adhesion.

Reduced B-cell subsets and DC in the spleen
Segregation of T cells and follicular B cells in the peripheral
LN requires chemokine signalling (von Andrian and Mempel,
2003), but the contribution of integrins to this process is
unclear. In contrast, MZB cells were reported to localize in
the marginal sinus of the spleen in a manner dependent on
ICAM-1 and VCAM-1 (Lu and Cyster, 2002). MZB cells are
characterized by high IgM and CD21 expression and low IgD
and CD23 expression (Martin and Kearney, 2002). FACS
analysis revealed that the B220* CD21" CD23% population
corresponding to MZB cells was scarcely present in Mst1 ™/~
mice (Figure 5A). In control mice, IgM™ IgD!® MZB cells were
clearly detected in the marginal sinus at the border between
the white and red pulp of the spleen (Figure 5B). However,
there were few cells at the corresponding sites in the spleens
of Mst1 ™~ mice (Figure 5B). There were no irregular struc-
tures of the marginal sinus, which normally express ICAM-1,
MAdCAM-1 and VCAM-1 (Supplementary Figure 6). These
results support the notion that defective adhesion to ICAM-1
and VCAM-1 results in a MZB cell deficiency in Mstl™/~
mice.

As Mstl was expressed abundantly in BM-derived DCs
(Supplementary Figure 7), we examined whether an Mstl
deficiency affected the adhesion of DCs. CD11 % splenic DCs
were enriched from Mstl ™/~ and control mice and subjected
to static adhesion assays using recombinant ICAM-1Fc or
fibronectin. DCs from control mice adhered to ICAM-1 and
fibronectin, but not substantially to BSA (Supplementary
Figure 7). In contrast, Mstl™~ DCs poorly adhered to
ICAM-1 and fibronectin. As LFA-1, VLA-4 and VLA-5 expres-
sion was comparable between control and Mstl1™/~ DCs (data
not shown), these results indicate that splenic Mst1 ™/~ DCs
have defective stable adhesion. In the Mstl1™/~ spleen, the
total number of CD11c*B220~ conventional DCs (cDCs) was
decreased to approximately 65% of the control spleen
(Figure 5C). Among the three cDC subsets in the spleen,
which are defined by the surface expression of CD4 and CD8
in addition to CDIlc, CD8 CD4™" and CD8 CD4", DCs were
substantially decreased {Figure 5C). CD11¢*B220™" plasma-
cytoid DCs were not affected in Mstl ™/~ mice (data not
shown). CD11c* CD8™ DCs are usually located at the bridging
channel of the marginal zone and red pulp (Metlay et al,
1990), as was evident in the spleens of control mice
(Figure SD). In contrast, CD1lc™ DCs were scarcely found
in the bridging channel of the Mstl1™/~ spleen (Figure 5D).
Marginal zone DCs are mobile with a high turnover rate (De
Smedt et al, 1996); therefore, the deficiency of this DC subset
could be due to impaired retention and/or homing caused by
defective integrin function in Mstl™~ DCs.

Skin DC migration into draining LN was also found to be
defective in Mst1 ™/~ mice. In Mst1-deficient mice, the num-
bers of Langerhans DCs were equivalent to those of control

The EMBO Journal B

— 266 —



Mst1 regulates lymphocyte trafficking
K Katagiri et a/

mice (Figure 5E). Skin DCs migrate into draining LNs at the reduced by approximately 60% (Figure 6A). On the other
peak 24 h after inflammatory stimulation such as painting of hand, thymic cellularity was significantly increased in Mst1 ™/~
the skin with fluorescein isothiocyanate (FITC) (Macatonia mice (Figure 6B). T-cell development was assessed by mea-
et al, 1987; Katagiri et al, 2004). FITC* major histocompat- suring surface expression of CD4 and CD8. Although
ibility complex (MHC) class {I-positive DCs appeared in the CD47*CD8™" double-positive cells were modestly increased
draining LNs in control mice at 24h after painting in number, single-positive CD4 and CD8 cells in Mst1™/~
(Figure SE). However, in Mstl-deficient mice, this population mice were increased in number and proportion by approxi-
was reduced to 20% of that of control mice (Figure SE), mately two-fold, suggesting that T-cell maturation was not
indicating that Mst1 is required for efficient trafficking of skin affected in Mstl™/~ mice (Figure 6B and C). As impaired
DCs to LNs. thymocyte egress could lead to an increase in mature, single-
positive cells, we examined thymocyte egress in transwell
Defective emigration of thymocytes assays using thymic lobes (Fukui et al, 2001). Both CD4 and
In the peripheral blood, the number of B cells was compar- CD8 single-positive cells from Mst1 ™~ mice displayed severe
able between Mst1 ™~ mice and control mice, but T cells were defects in emigration from the thymus in response to the
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Figure 4 Defective stable adhesion and LFA-1 clustering in Mstl-deficient cells. (A) CCL21-stimulated T-cell adhesion (left) or CXCL12-
stimulated B-cell adhesion (right) to [CAM-1. After incubation with 100 nM CCL21 or CXCL12 for 10 min, shear stress-resistant adhesion was
measured as described in Materials and methods. Data represent the means and s.e.m. of triplicate experiments. None, no stimulation.
*P<0.001, compared with Mst1%%/1°% (£/6) T cells stimulated with CCL21; **P<0.001, compared with Mst17°%/1°% (£/f] B cells stimulated with
CXCL12. (B) CCL21-stimulated T-cell adhesion (left) or CXCL12-stimulated B-cell adhesion (right) to VCAM-1. Shear stress-resistant adhesion
was measured as described above. Data represent the mean and s.e.m. of triplicate experiments. None, no stimulation. *P< 0.002, compared
with Mst1™%/M% (£/f) T cells stimulated with CCL21; **P<0.002, compared with Mst17°¥1% (f/f) B cells stimulated with CXCL12,
(C) Redistribution of LFA-1 (red) and CD44 (green). Mst1ox/10% (/) and Mstl-deficient (—/—) T and B cells were stimulated with CCL21
or CXCL12 for 5min, then fixed and analysed by confocal microscopy quantitatively for cells showing a polarized distribution of LFA-1 and
CD44 (top). Representative cell morphology and distribution of LFA-1 and CD44 (bottom). Data represent the means and s.e.m. of triplicate
experiments. *P<0.001, compared with Mst1!*1°% (f/f) lymphocytes. (D) Confocal microscopic analysis of LFA-1 and talin distribution of
T cells from Mst1fox/fiox (f/f) (left panel, upper) and Mstl-deficient (—/—) (left panel, bottom) mice. T cells were incubated on cover glass
coated with ICAM-1 in the presence of CCL21 for 5 min, and then fixed and stained for LFA-1 and talin. DAPI was used for nuclear staining. A
series of Z-stack images at 1-um intervals from the glass surface are shown above (left panels). Right panels showed the LFA-1 and talin
distribution on contact sites of Mst1"9%/1°% (f/) and Mstl-deficient (—/—) T cells on ICAM-1.
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Figure 5 Deficient numbers of MZB cells and dendritic cells in the spleen of Mst1™/~ mice. (A} Flow cytometry profiles of B220* splenic B
cells from Mst11°%/19% (£/f) and Mst1-deficient (—/~) mice stained with anti-CD21 and anti-CD23. The numbers beside the boxed areas indicate
the percentages of CD21MCD23'°" MZB celts, CD21"CD23" mature B cells and CD21~CD23~ immature B cells of the total number of B220*
cells. (B) Spleen sections stained with IgM (green), IgD (red) and laminin (blue}. Ith' and IgD™ marginal zone B cells were not observed in
Mstl-deficient mice {bottom). (C) Total splenic DCs and numbers of splenic DCs in the CD8 ™, CD87CD4~, CD8 CD4™ subsets, *P<0.002,
compared with corresponding Mst11o¥/80% (§/f) fractions. (D) Immunofluorescence staining of frozen tissue sections of Mst1¥f and Mst1 =/~
spleens for B cells (B220; %reen), DCs (CD1ic; red) and laminin (blue). (E) Impaired DC trafficking from skin to draining lymph node.
Epidermal sheets from Mst1"¥/°% and Mst1-deficient mice stained with anti-MHC class II (upper, left panel). The number of skin-derived DCs
migrated to lymph nodes after painting of shaved abdomens of Mst1%°/%°* and Mst1-deficient mice with 1% FITC (lower, left panel). Data
represent the absolute number of FITC ¥ MHC class IT™#" cells that appeared in draining lymph nodes (axillary and inguinal}. N = 3; *P<0.005.
Representative flow cytometry profiles are presented in right panel.

CCR?7 ligand CCL19 (Figure 6D). We also examined the apop- Defective lymphocyte interstitial migration

tosis and proliferation of thymocytes. The proliferative response As combined defects in integrin clustering and cell polariza-
of Mstl ™/~ thymocytes to anti-CD3 was comparable to that of tion could lead to inefficient migration, we investigated
control thymocytes (data not shown). Although apoptosis of whether the lack of Mstl influenced lymphocyte interstitial
single-positive thymocytes was not affected, Mst1™/~ double- migration. To this end, we first examined lymphocyte motility
positive thymocytes showed reduced apoptosis compared with in vitro. As LN tissues are composed of an intricate network
control cells (45+ 1.5 versus 34 +1.5%, P<0.02), as judged by of stromal cells, which might support lymphocyte migration
annexin V staining (Supplementary Figure 8). This reduction (Bajenoff et al, 2006), we used BLS12, a stromal cell line
might contribute to a mild increase in double-positive thymo- established from LNs (Katakai et al, 2004) (Katakai et al,
cytes in Mstl ™/~ mice (Figure 6B). Thus, the accumulation of 2008). As primary naive lymphocytes are generally immotile
single-positive thymocytes is likely due to impaired thymic in vitro, we used cultured lymphoblasts in migration assays.
egress, which could lead to peripheral T-cell lymphopenia. T-cell blasts from control mice actively migrated on the BLS12
©2009 European Molecular Biology Organization The EMBO Journal
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Figure 6 Decreased thymocyte emigration in Mstl-deficient mice. (A) Total and CD3 * and B220* subset cell numbers in the peripheral blood
of Mst110¥/10% (£/6) and Mst1-deficient (—/—) mice. *P<0.03, compared with Mst11*/%°* (f/f} T lymphocytes. (B) Total, CD4*CD8* double-
positive (DP), CD4* or CD8* single-positive cells in thymi from Mst110%/40% (£/f) and Msti-deficient (—/—) mice. *P<0.05, compared with the
corresponding fractions. (C) CD4 and CD8 flow cytometry profiles of thymi from Mst119%/49% (£/6) and Mst1-deficient (—/—) mice. The numbers
beside the boxed areas indicate the percentages. (D) Emigration of thymocytes towards CCL19 from thymic lobes. Thymic lobes from
Mst1fox/80% (£/£) or Mstl-deficient (—/—) mice were put in the upper chamber of transwell chemotactic chambers. CD4 and CD8 profiles of cells
recovered from the lower chamber containing CCL19 were measured after 3 h (left), and the total numbers of emigrated cells (right) are shown.

*P<0.001, compared with Mst11ox/1ox (£/f) single-positive cells.

monolayer with an average velocity of 8.1+ 3.4um/min
(Figure 7A; Supplementary video 5). This motility was
reduced by approximately 39% after treating with anti-LFA-1
and anti-o4 integrin antibodies (data not shown). Compared
with control cells, Mst1™/~ T-cell blasts moved inefficiently
with an average velocity of 5.2+2.3 pm/min and a signifi-
cantly reduced distance compared with control cells
(Figure 7A; Supplementary video 6). Similarly, Mstl™/~
B-cell blasts had impaired cell migration over the strormal
layer with significant reductions in both velocity and displa-
cement (Figure 7A; Supplementary videos 7 and 8). Control
T- and B-cell blasts migrating over stromal layers displayed
polarized phenotypes with a leading edge and uropod
(Supplementary videos 5 and 7). However, most Mstl 7/~
T- and B-cell blasts failed to develop polarized cell shapes
and displayed rather oscillated movements (Supplementary
videos 6 and 8).

As chemokine-stimulated migration of lymphocytes in-
cludes integrin-independent processes (Lammermann et al,
2008), we also examined whether Mstl could be involved in
chemokine-dependent motility without integrin ligands
(Woolf et al, 2007). Substantial numbers of control naive
T cells adhered and actively migrated on the immobilized
CCL21 (Supplementary Figure 9). Mstl-deficient T cells
attached similarly on the immobilized CCL21, but the
motility was poor, compared with those of control cells
(Supplementary Figure 9), suggesting that Mstl is required
for both integrin-dependent and -independent lymphocyte
motility triggered by chemokines.

We then examined whether the Mstl deficiency could
influence primary naive lymphocyte motility within the
LNs. A multiphoton microscopic analysis was performed
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using LN explants that had been adoptively transferred
with differentially labelled lymphocytes from control and
Mstl ™/~ mice (Figure 7B and C). As reported earlier (Miller
et al, 2002; Stoll et al, 2002; Bousso and Robey, 2003; Mempel
et al, 2004; Okada and Cyster, 2007), control T cells showed
robust random walk-like movements within LN explants with
an average velocity of 15.7%4.2pum/min (Figure 7B;
Supplementary video 9). Under the same conditions,
Mstl =/~ T cells displayed inefficient migration; the average
velocity was reduced by 40% (9.5 4.8 um/min), and the
distance displaced from the initial tracking point was reduced
by 68% compared with those of control T cells (Figure 7B;
Supplementary video 9). B-cell migration was measured
similarly by adoptive transfer of differentially labelled B
cells from control and Mst1™~ mice. Most B cells were
found in follicular areas. Compared with T cells, B cells
were less motile with an average velocity of approximately
7.3+ 2.6um/min (Figure 7C; Supplementary video 10),
which was consistent with earlier reports (Miller et al,
2002; Han et al, 2005). Mst1~/~ B cells had a reduced mean
velocity of 4.5+2.3 um/min and decreased displacement
(Figure 7C; Supplementary video 10). Taken together, these
results indicate that Mstl is required for efficient interstitial
migration of both T and B cells.

Discussion

This study shows that the major role of Mstl in vivo is to
control lymphocyte adhesion and migration. T and B cells
required Mstl to attach firmly to the HEV when entering the
LN. Mstl deficiency in lymphocytes impaired their motility
over stromal cells as well as within the intact LN. In addition
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Figure 7 Defective interstitial migration of Mstl-deficient T and B cells. (A) Cell motility over monolayers of the BLS12 FRC cell line.
Representative tracks of Mst171o%/f (f/f) and Mst1™/~ (~/—) T-cell blasts (left) and B-cells blast (right) over BLS12 cells as indicated (top).
Each line represents a single cell track. Displacements and velocities of Mst1ox/fox (£/6) and Mst1-deficient {(—/-) Tand B cells (bottom). Sixty
cells of each type were tracked for 10 min for each data set. The velocity data were obtained from movements every 30s. *P<0.001, **P<0.05,
compared with Mst1™/1°% (f/f) lymphocytes. (B) Multi-photon microscopic analysis of Mst1¥/8°% (£/f) and Mst1-deficient (—/—) lymphocyte
migration within LN explants. Representative tracks of Mst119%/80% (£/f) T cells (red) and Mst1-deficient (—/—) Tcells (green) are shown. Each
line represents a single T-cell track (left). Velocities and displacements of Mst11%/1°% (£/f) and Msti-deficient T cells (—/—) (right). Sixty-five
cells of each type were tracked for each data set. *P<0.001, compared with Mst11o%/80% (£/6) T cells. (C) Multi-photon microscopic analysis of
Mst18ox/ox (£/f) and Mst1-deficient (—/—) B-cell migration as in (B). Representative tracks of Mst11°/1°% (£/f) B cells (red) and Mst1-deficient
(~/—) B cells (green). Each line represents a single B-cell track (left). Velocities and displacements of Mst1%°*/f°% (/f) and Mst1-deficient B
cells (—/—) (right). Fifty-two cells of each type were tracked for each data set. *P<0.001, compared with Mst1"*%°% ({/f) B cells. A full-colour

version of this figure is available at The EMBO Journal Online.

to lymphocyte homing, Mstl was required for localization of
MZB cells and DCs in the marginal zone as well as thymocyte
emigration. Thus, Mstl is a key enzyme that controls proper
immune cell localization and motility.

We previously identified Mstl as a RAPL effector molecule
that mediates integrin-dependent adhesion using lymphoid
cell lines and lymphocytes (Katagiri et al, 2006). Our findings
that the phenotype of Mstl-deficient mice was similar to that
of RAPL-deficient mice (Katagiri et al, 2004) provides genetic
evidence that indicates a critical link between Mstl and RAPL
in the regulation of lymphocyte trafficking. Although the
phenotypes of these two mutant mice are similar, the pheno-
type of lymphocyte homing and lymphocytopenia in the

©2009 European Molecular Biology Organization

peripheral LN appears to be more pronounced in Mstl ™/~
mice than RAPL™/~ mice. As a RAPL deficiency reduced, but
did not abrogate Mst1 phosphorylation (Katagiri et al, 2006),
this may explain why the phenotype of Mstl-mutant mice is
more severe than that of RAPL™/~ mice.

Our study indicates that lymphocyte arrest is a transient
process that must be sustained by intracellular signalling
through Mstl. It is well established that the transition from
leukocyte rolling to arrest is controlled by integrin activation
through Gi signalling triggered by chemokines (Butcher et al,
1999). However, the development of a stable attachment
from a nascent, labile attachment has not been recognized
as an important process, which occurs within seconds as
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