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Plexins and semaphorins comprise a large family of receptor-
ligand pairs controlling cell guidance in nervous, immune, and
vascular systems. How plexin regulation of neurite outgrowth,
lymphoid trafficking, and vascular endothelial cell branching is
linked to integrin function, central to most directed movement,
remains unclear. Here we show that on developing thymocytes,
plexinD1 controls surface topology of nanometer-scaled β1 integ-
rin adhesion domains in cis, whereas its ligation by sema3E in trans
regulates individual β1 integrin catch bonds. Loss of plexinD1 ex-
pression reduces β1 integrin clustering, thereby diminishing avid-
ity, whereas sema3E ligation shortens individual integrin bond
lifetimes under force to reduce stability. Consequently, both de-
creased expression of plexinD1 during developmental progres-
sion and a thymic medulla-emanating sema3E gradient enhance
thymocyte movement toward the medulla, thus enforcing the
orchestrated lymphoid trafficking required for effective immune
repertoire selection. Our results demonstrate plexin-tunable mo-
lecular features of integrin adhesion with broad implications for
many cellular processes.
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It is well established that plexins and their semaphorin ligands
regulate biological processes in multiple physiological domains

including axon pathfinding (1, 2), angiogenesis (3), and immunity
(4). Although plexins harbor potential for regulating small
GTPases that mediate cytoskeletal remodeling, either through
a direct cytoplasmic GTPase-activating protein (GAP) domain
and Rac/Rho-GTPase binding domain or through sequestration
of guanidine nucleotide exchange factor (GEF) proteins to the
membrane-proximal cytoplasmic face, there is little consensus on
plexin signaling pathways in a complex physiological context (5).
While studying the molecular interactions controlling mouse

thymocyte development, we identified plexinD1 as a critical
mediator for thymocytes destined to mature into T lymphocytes
populating the mammalian immune system (6). Plxnd1 encoding
plexinD1 is transcriptionally regulated at a key intermediate
stage of thymocyte development. Double-negative (DN) thy-
mocytes lacking expression of CD4 and CD8 as well as plexinD1
differentiate in the thymic cortex into largely nondividing CD4+
CD8+ double-positive (DP) thymocytes that display surface αβ
T-cell receptors (TCRs) and express plexinD1 (6). Despite being
highly mobile (7), DP thymocytes remain sequestered in the
cortex in frequent physical association with thymic epithelial cells
(TECs), moving toward the thymic medulla via chemokine
guidance only subsequent to TCR stimulation by self-derived
peptide/MHC complexes (pMHC) that induce CD69 expression
and support cell survival, i.e., positive selection (8, 9). CD69+ DP
cells differentiate further into CD4+CD8− or CD4−CD8+ single-
positive (SP) thymocytes, translocating to the thymic medulla to
complete their maturation (10, 11). While traversing the thymus,
immature αβ TCR+ thymocytes that are strongly self-reactive
with pMHC displayed on cortical and medullary TECs (cTECs
and mTECs, respectively) are purged from the repertoire before

peripheral exportation in a process termed negative selection
(12–16).
In the absence of plexinD1, the majority of CD69+ DP thy-

mocytes remained cortically localized and, in contrast to the
thymic trafficking of WT CD69+ DP thymocytes, did not migrate
toward the medulla (6). The specific expression of plexinD1 on
cortical DP thymocytes led us to investigate the molecular regu-
lation of adhesion by plexinD1 in thymocytes. Because thymocyte
adhesion is integrin dependent (17), we focused on the regulation
of developing thymocyte integrin function by plexinD1 and
sema3E, its specific ligand. Here we show that plexinD1 con-
trols thymocyte adhesion via a bimodal regulation of β1 integrin
avidity where chemokine-induced migration is modulated by β1
integrin adhesion.

Results
Thymus Integrin-Ligand Expression. Following TCR stimulation
through pMHC, activated CD69+ DP thymocytes continue in
a cortical to medullary direction, differentiating into CD4 or
CD8 SP cells along the way. Because integrins play an essential
role in hematopoietic cell migration, it is highly likely that the
abnormal thymic localization of plexinD1 KO CD69+ DP thy-
mocytes results from aberrant integrin function. Although
integrin and cognate ligand expression in thymus has been reported
previously (18–20), a full characterization has not been undertaken
for DP thymocytes, the cells that depend on plexinD1 for proper
migration (6). We reasoned that retention of DP thymocytes in
the cortex for several days during normal development implies
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the presence of a cortical integrin ligand if DP thymocyte ad-
hesion is mediated through integrins (21).
We therefore undertook a full examination of integrin ligand

expression in the thymus, using the preferential distribution of
keratin8 in the cortex together with strong medullary expression
of MHC class II, ER-TR5, and UEA-1 to define the cortical and
medullary regions (Fig. 1 and Fig. S1). We found that VCAM-1,
a main ligand for α4β1 integrin and α4β7, was predominantly
cortical in location, whereas laminin, the ligand for α6β1, was
expressed throughout the thymus (Fig. 1). Integrin ligands with
a strong medullary presence but minimal cortical expression in-
cluded ICAM-1, the ligand for αLβ2, and osteopontin capable
of interacting with α4β1, α4β7, and α5β1 (Fig. 1 and Fig. S1).
Similarly, thrombospondin, which interacts with α4β1, was med-
ullary localized, whereas mucosal addressin cell adhesion mole-
cule 1 (MAdCAM1), a ligand for α4β7, was expressed on only
a small population of medullary cells. Fibronectin (ligand for
α4β1, α4β7, and α5β1) exhibited a strong medullary presence but
was barely expressed in the cortex. Thus, VCAM-1 and laminin
stand out as the primary thymic cortical ligands for thymocyte-
expressed integrins, where VCAM-1 has potential to bind α4β1
and α4β7, and laminin isoforms bind α6β1 (Fig. S2B).
Because plexinD1 is barely expressed on DN1–DN4 thymo-

cytes and highly expressed on DP thymocytes and subsequently
down-regulated during the SP stage, we assessed expression of
the putative integrin binding partners on thymocytes during the

DN to DP to SP developmental transitions. We simultaneously
assayed thymocyte subsets derived from animals where plexinD1
expression was conditionally knocked out during thymic de-
velopment (D1CKO). The D1CKO cells lack any detectable
plexinD1 (Fig. S2D). Examination of WT and D1CKO thymo-
cytes revealed identical expression patterns of all known hema-
topoietically expressed integrin α and β chains throughout
thymocyte development (Figs. S2–S4). Accordingly, any difference
in integrin function between WT and D1CKO cells is unrelated to
integrin expression levels. Analysis of integrin heterodimer display
shows that at the DP stage, where plexinD1 expression is highly
induced (6), the cells express individual integrin chains consistent
with the expression of α4β1, α6β1, and αLβ2 (Fig. S2B). Because
the ligand for αLβ2 is ICAM-1, which has a medullary location
(Fig. 1), we focused exclusively on DP α4β1 and α6β1 binding to
cortically localized VCAM-1 and laminin, respectively.

PlexinD1 Regulates Dynamic Adhesion. Because WT and D1CKO
α4β1 and α6β1 integrin expression is identical, we next examined
whether their integrin activation state was comparable. Although
reagents to reliably detect the mouse β1 integrin activation state
are lacking, the SG31 mAb detects the metal ion-dependent
adhesion site in an activated conformation of mouse α4 integrin
chain (19). Binding of SG31 to the WT and D1CKO thymocyte
subsets was identical, independent of preselection or postselection
state marked by CD69 expression (Fig. S2 D and E). To assess
integrin function more globally, we examined whether WT
and D1CKO cells exhibited differential adhesion behavior on
VCAM-1 or laminin-coated surfaces in a microfluidic chamber
under flow conditions.
We observed strong adherence of WT thymocytes to VCAM-1,

with >75% of the cells remaining adherent and stationary over
40 min and <13% of the cells detaching immediately on flow
initiation (Fig. 2A, Movie S1, and Fig. S5). In contrast, the ma-
jority of D1CKO cells detached immediately. On laminin, the
adherence of WT thymocytes was less strong and 39% detached
immediately (Fig. 2A, Movie S2, and Fig. S6). Supporting the less
robust adherence to laminin, fewer cells remained adherent;
nearly 30% of the cells detached but then reattached leading to
a stepwise rolling motion across the surface (Fig. S6). D1CKO
cells detached from laminin as soon as flow was applied and
the maximum velocity of the detaching/reattaching cells was in-
creased (Fig. 2A and Fig. S7).
We then assessed the effect of sema3E addition on thymocyte

adhesion by following the fraction of cells remaining adherent
under flow conditions over time on VCAM-1–coated surfaces.
Sema3E incubation resulted in the immediate detachment of
>50% of the WT thymocytes that stably attach in the absence of
sema3E (Fig. 2B and Movie S3). Supporting the argument that
thymocyte α6β1 adhesion to laminin is less strong than α4β1 to
VCAM-1, WT cells in the absence of sema3E detached when
flow was applied but then reattached as they passed over the
chamber surface, whereas cells in the presence of sema3E could
not reattach (Fig. 2B and Movie S4). Thus, either the loss of
plexinD1 or binding of its ligand sema3E reduced adhesion of
α4β1 integrin to VCAM-1 or of α6β1 integrin to laminin. In
contrast, sema3E had no effect on the adhesion dynamics of
D1CKO cells, although, independent of sema3E, the D1CKO
thymocytes exhibited cycles of detachment and reattachment in
the direction of flow unlike adherent WT cells, which remained
attached (Movies S5 and S6).
Examining responses to chemokines rather than a flow shear

stress, cell migration in response to CXCL12 was observed on
uncoated or VCAM-1–coated surfaces (Fig. 2C and Movie S7).
Both WT and D1CKO cells moved rapidly toward the source,
indicating no defect in cell migration machinery. On VCAM-1,
however, a greater fraction of D1CKO cells was highly motile
(P < 0.05). Mobility differences were even more pronounced
between WT cells without and with sema3E addition with re-
spect to mean velocity and by distance traveled (Fig. 2C and
Movies S8 and S9; P < 0.0001). Hence, under flow conditions

Fig. 1. Integrin ligand expression in the thymus. Confocal imaging of thy-
mus cortex (C) and medulla (M) demonstrates (A) cortical location for VCAM-
1 and (B) wide distribution of laminin. (Scale bar, 100 μm.) The dashed line in
all images delineates the corticomedullary junction. Yellow color depicts
merged green and red signals, white represents merged green, red, and blue
signals, and cyan depicts merged green and blue signals. (C and D). ICAM-1,
MHC class II, and osteopontin exhibit a medullary location. (Scale bar,
200 μm.) Note CD4 and CD8 colocalize on cortical DP cells.
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or responding to chemokines, loss of plexinD1 or binding of
sema3E to plexinD1 led to decreases in β1 integrin-mediated
adhesion. No differences between WT and D1CKO cells, or be-
tween untreated WT and sema3E-treated WT cells, were detected
using a static adhesion assay that measures specific integrin
binding in the absence of force (Fig. 2D), indicating that
static, stress-free conditions may not be suitable for assessing
adhesion of motile cells.

PlexinD1 Constrains Surface β1 Integrin Topology. Our data imply
that factors other than integrin expression are responsible for the
functional differences in β1 integrin adhesion between WT and
D1CKO thymocytes and between sema3E-treated and untreated
WT thymocytes. Further, we found no difference between WT
and D1CKO thymocytes in Rap1 signaling upstream of integrin
activation, nor any difference in endocytic recycling of surface-
expressed integrin, collectively suggesting that plexinD1 directly
regulates β1 integrin expressed at the membrane (Fig. S8). We
observed that plexinD1 colocalized with β1 integrins as well as
with α4 and α6 integrins on the thymocyte surface, but not with
β2 integrins (Fig. 3A), implying plexinD1 association with α4β1
and α6β1. This association was independent of stimulation by
CXCL12, phorbol ester (PMA), or sema3E, implying proximity
of plexinD1 and β1 integrins is constitutive (Fig. 3B).
Integrin avidity is also a function of the degree of clustering

and integrin cluster density on the membrane surface (22, 23).
We therefore used high-resolution direct stochastic optical re-
construction microscopy (dSTORM) to examine integrin orga-
nization at the molecular level (24). Individual β1 integrin
molecules in a single cell were tightly clustered in WT thymo-
cytes with few molecules residing outside clusters (Fig. 3C). In
contrast, the D1CKO β1 integrins were less clustered, and
a greater fraction of the integrin molecules was outside the
clusters, confirmed by calculating the maximum degree of clus-
tering relative to a random distribution [Max L(r) – r], and the
percentage of integrins in clusters after applying a cluster
threshold (Fig. 3D). β2 integrins were only minimally clustered
reinforcing the confocal results (Fig. 3A). In the presence of
sema3E, there was no change in the nanoscaled organization of
β1 integrins on WT cells despite the functional alteration in
adhesion (Fig. 2C) leading to a mechanistic distinction between
thymocyte adhesion in the absence of plexinD1 and that after
binding of sema3E to plexinD1. Supporting the observation
above that sema3E has no effect on D1CKO thymocyte adhesion,
sema3E also had no effect on surface β1 integrin nanoscale or-
ganization on D1CKO thymocytes (Fig. S9). Cluster morphology
(Fig. 3E) was analyzed to extract information on area and

circularity of these adhesive patches (Fig. S10) (25). As expected,
β1 integrins on WT thymocytes formed a dense and circular
cluster geometry that was independent of sema3E binding. In
D1CKO cells, β1 clusters were significantly larger and less uni-
form, whereas the β2 clustering appeared almost amorphous
(Fig. 3E and Fig. S10). The increased cluster area of β1 integrins
in D1CKO cells and decreased integrin distribution into clusters
(Fig. 3D) is evidence for loss of local nanoscale patch avidity under
these conditions, contributing to reduced adhesion.

Sema3E Binding to PlexinD1 Controls β1 Integrin Catch Bonds. Be-
cause β1 surface geometry did not alter on sema3E binding, we
postulated that sema3E must directly affect the β1 integrin het-
erodimer bond formation to VCAM-1 or laminin. We used
a biomembrane force probe (BFP) to examine the biophysical
parameters of thymocyte α4β1 binding to immobilized chimeric
VCAM-1 fused to an Fc domain that provides correct orienta-
tion on a force-transducing bead (Fig. 4A) (26). We measured
bond lifetime (reciprocal of dissociation rate) under force and
molecular stiffness (Fig. 4 B and C), which reflects integrin
conformation because bent integrins are less rigid (26). Analysis
of bond lifetime revealed little difference between WT and
D1CKO in control or sema3E-stimulated conditions under zero
force (0pN; Fig. 4B). Given that adhesion under static conditions
was identical but adhesion of mobile D1CKO or sema3E-in-
cubated WT cells differed to that of untreated WT cells, we
examined bond lifetimes under stress (10pN; Fig. 4B). WT cells
formed bonds with long lifetimes that were shortened by sema3E
incubation. D1CKO cells also expressed long bond lifetimes
under stress but were not susceptible to sema3E.
Comparison of the molecular stiffness revealed that sema3E

changed the integrin from an extended and active conformation
to the bent and less active conformation but could not exert this
effect on the D1CKO cells. Control activation experiments were
performed in the presence of metal ions known to induce an
extended conformation where sema3E clearly and significantly
reduced molecular stiffness from this canonical state represent-
ing an extended integrin form (Fig. 4C). The generation of
a stronger bond under force is consistent with the properties of
catch bonds (27). Assay of the α4β1/VCAM-1 bond character-
istics under a range of applied forces (Fig. 4D) demonstrated
increasing bond stability up to 20 pN that then diminished as the
applied force exceeded peak bond lifetime. In contrast, in the
presence of sema3E bond lifetime was minimal, declining to
negligible as force was applied. To further confirm the catch
bond properties of the α4β1/VCAM-1 bond and its regulation by
sema3E, we examined thymocyte rolling adherence and pause

Fig. 2. PlexinD1/sema3E regulation of thymo-
cyte dynamic adhesion. (A) Tracking of WT (red)
and D1CKO (green) thymocytes under flow on
VCAM-1– or laminin-coated surfaces. Non-
adherent cells exhibited high maximum velocity
at 0 min; adherent cells were immobile at 40 min.
(B) Percentage of adherent untreated WT (red)
and sema3E-treated WT thymocytes (blue) after
induction of flow (t = 0). Initial cell numbers for
WT: 659 on VCAM-1 and 480 on laminin; and
for sema3E-treated WT: 454 on VCAM-1 and
145 on laminin. (C) Mean velocities of individual
WT, D1CKO, and sema3E-treated WT cells on
uncoated and VCAM-1–coated surfaces in re-
sponse to a CXCL12 gradient originating on the
right. Individual colored tracks of WT cells ±
sema3E over a 30-min window (1,600-μm opti-
cal chamber width). (D) WT and D1CKO adhe-
sion to various integrin ligands under static
conditions. Adherence of intracellular fluores-
cent dye-labeled cells (106 per well) was quan-
tified by emission at 530 nm after excitation at
485 nm. Mean ± SEM is shown.

Choi et al. PNAS | January 7, 2014 | vol. 111 | no. 1 | 381

IM
M
U
N
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1314209111/-/DCSupplemental/pnas.201314209SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1314209111/-/DCSupplemental/pnas.201314209SI.pdf?targetid=nameddest=SF9
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1314209111/-/DCSupplemental/pnas.201314209SI.pdf?targetid=nameddest=SF10
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1314209111/-/DCSupplemental/pnas.201314209SI.pdf?targetid=nameddest=SF10


time between consecutive rolling steps on a VCAM-1 coated
surface in a flow chamber (Fig. 4E and Fig. S11) (28). Re-
capitulating the adherence characteristics under flow (Fig. 2B)
and in response to chemokines (Fig. 2C), under increasing wall
shear stress, WT thymocyte pause time increased, reached a
maximum, and decreased (Fig. 4E), similarly to the single bond
lifetime vs. force plot (Fig. 4D). In contrast, sema3E treatment
significantly shortened the pause time (Fig. 4E) and reduced the
number of rolling adherent cells on the VCAM-1 surface (Fig.
S11), especially at wall shear stresses >0.5 dyn/cm2. The quali-
tatively similar patterns between single-bond BFP data and
multiple bond flow chamber data demonstrate that the α4β1/
VCAM-1 catch bond and its regulation by sema3E are operative
in integrin-mediated cell rolling in resistance to applied shear
stress (28). Thus, plexinD1 exerts a bimodal effect on integrin
avidity: first, by maintaining a dense clustered geometry of β1
integrins and, second, through interaction with its ligand sema3E,
to abrogate β1 integrin catch bonds.

PlexinD1 Is Essential for Proper Thymic Selection Including Deletion of
Autoreactive Specificities. This plexinD1 functional duality offers
a mechanistic framework underlying the failure of most CD69+

thymocytes to translocate toward the medulla in mice recon-
stituted with Plxnd1−/− fetal liver stem cells (6), with significant
implications for repertoire selection. Specifically, as plexinD1 is
down-regulated in positively selected CD69+ DP thymocytes and
their descendant immature SP thymocytes, surface β1 integrin
clustering may be reduced, diminishing cell adhesion and per-
mitting chemokine gradient-driven motility toward the medulla
to complete the developmental process. We thus have refined
our initial interpretation of plexinD1 regulation of chemokine

migration (6) to propose that thymocyte tracking toward the
medulla is impeded until β1 integrin adhesion is reduced fol-
lowing plexinD1 down-regulation and/or binding of sema3E
emanating from the medulla. Loss of plexinD1 in conditional
KO (D1CKO) mice should therefore have reduced topological
constraint on nanoscale patches, diminishing integrin avidity.
However, the β1 integrin catch bonds will remain intact and in-
sensitive to the sema3E, thereby leading to increased cortical
retention of CD69+ thymocytes. The resultant reduced medul-
lary migration of D1CKO thymocytes should impede negative
selection, particularly that of CD4+ SP thymocytes in the me-
dulla, possibly leading to autoimmune phenomena (29–31).
To test this hypothesis, we examined negative selection in

double transgenic OTII+RIP-mOVA+ B6 mice on WT vs.
D1CKO backgrounds. In this system, OTII+ Vβ5 TCR trans-
genic thymocytes move to the medulla and undergo negative
selection on recognizing the OVA323–339/I-A

b pMHC ligand
derived from medullary expression of the RIP-mOVA+ trans-
gene (32, 33) (Fig. 5A). As expected, we found few OTII+ CD4
SP thymocytes survived in the RIP-mOVA-expressing thymus
(Fig. 5B; compare OTII+ vs. OTII+RIP-mOVA+). In contrast,
a significant number of OTII+ CD4 SP thymocytes (Vβ5+CD3e+)
survived negative selection in the OTII+RIP-mOVA+ D1CKO
mice (Fig. 5 B and C), comparable to that in the parental OTII+

environment (Fig. 5B; compare OTII+ vs. OTII+RIP-mOVA+

D1CKO). Despite an increase in the absolute number of
D1CKO CD4 SP thymocytes surviving in comparison with WT
CD4 SP thymocytes on the OTII+RIP-mOVA+ background (Fig.
5C), this difference was not observed between the respective DP
populations. These data are consistent with impaired negative
selection of immature OTII+ D1CKO CD4 SP thymocytes rather
than in the DP thymocytes themselves. Reflecting this, in pe-
ripheral lymphoid tissues such as lymph node and spleen, an
increase in OTII TCRhi CD4 SP cells was seen in RIP-mOVA+

D1CKO mice but not in RIP-mOVA+ WT mice (Fig. 5D and
Fig. S12A).

Fig. 3. β1 integrin surface topology is controlled by plexinD1 in thymo-
cytes. (A) Colocalization of plexinD1 with β1, β2, α4, and α6 integrins
detected by confocal microscopy. Merged red and green signals depicted as
yellow. Blue signal represents nuclear DAPI staining. (B) Effect of indicated
stimuli on colocalization of β1 integrin with plexinD1. For A and B, each
image is representative of at least 60 cells imaged. (Scale bar, 5 μm.) (C)
dSTORM image analysis of individual integrin molecules (single white dots)
in a representative single cell of each indicated condition. Each panel is 4 μm
square. (Scale bar, 1 μm.) (D) Degree of clustering [Max L(r)-r] and β1 and β2
integrin cluster distribution for the indicated cells and conditions. Each point
represents a single cell analyzed. Mean ± SEM is depicted, and P is calculated
from two-tailed Student t test. (E) Morphological analysis of representative
β1and β2 integrin clusters (25). (Scale bar, 100 nm.)

Fig. 4. Sema3E signaling through plexinD1 switches β1 integrin catch
bonds. (A) BFP schematic: glass bead immobilized on erythrocyte is deriv-
atized with VCAM-1 (black dot). α4β1 integrin depicted as green receptor on
thymocyte. (B) Mean lifetime under zero force and under 10-pN force for WT
and D1CKO cells ± sema3E (n > 70 for each condition). Effect of sema3E on
molecular stiffness (active conformation) of α4β1 on WT and D1CKO cells
(n > 50 for each condition). (C) Effect of sema3E on α4β1 integrin molecular
stiffness of extended form induced by divalent metal ion binding. (D) Effect
of sema3E on individual α4β1/VCAM-1 bond lifetimes on WT cells measured
over a range of forces. (E) Effect of sema3E on WT rolling adherence (pause
time intervals between rolling events) under increasing wall shear stress
conditions. For all panels, mean ± SEM is shown; *P < 0.05; **P < 0.025.
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It follows that if aberrant negative selection in OTII+ RIP-
mOVA+ D1CKO mice is a consequence of a defect in directed
migration of positively selected thymocytes, then no difference
should be detected between OTII+ D1CKO and OTII+ WTmice
on direct parenteral injection of OVA323–339. Here, the TCR
ligand will distribute throughout the entire thymus eliminating
the requirement for thymocytes to migrate to the medulla and
interact with this negatively selecting pMHC ligand (Fig. S12B).
Consistent with this prediction, OVA323–339 peptide injection
induced an equivalent reduction of OTII+ CD4 SP thymocytes in
both WT and D1CKO mice (Fig. S12C).
Faulty deletion of a single autoreactive CD4 T-cell specificity

was observed with the above TCR transgenic model. In non-
transgenic B6 D1CKO mice, autoreactive T cells of a variety
of specificities might similarly escape such selection. Using
circulating autoantibodies as a proxy for CD4 T cell–linked au-
toimmunity, we tested serum autoantibody representation in
D1CKO B6 and WT B6 mice by Western blotting against a panel
of likely target tissues. Strong antitissue responses were observed
(Fig. 5E and Fig. S12D) and confirmed by detection of anti–self-
tissue antibodies in 9 of 12 D1CKO mice compared with 2 of 9
WT mice (Fig. S12F), with titers comparable to those observed
in Aire−/− mice (31), a well-studied autoimmune model. Taken
together, these data point to a key role for plexinD1 in directed

thymocyte migration to foster negative selection and prevent
T-cell autoreactivity.

Discussion
Our results demonstrate that sema3E binding to plexinD1 on DP
thymocytes induces a loss of adhesion mediated by the β1
integrins α4β1 and α6β1 detaching from their thymic-expressed
cellular and extracellular matrix ligands, VCAM-1 and laminin,
respectively. The data show in explicit molecular terms how
sema-binding initiates detachment, a component of repulsion.
Remarkably, this regulatory function of plexinD1/sema3E is only
manifest under motile thymocyte conditions, resulting in con-
sequences for thymic immune repertoire selection. A recent
study showing that plexinD1 is a regulator of germinal centers
(GCs) and development of the humoral response implies that
this physiology extends to B lymphocytes and their movement
into the GC (34).
Although force often shortens bond lifetime (slip bonds),

prolongation of bond lifetime (catch bonds) can occur as a con-
sequence of conformational alteration in receptors. Since the
initial demonstration of the P-selectin complex binding to PSGL-1
as a catch bond (35), these bonds have been demonstrated for
integrins (27, 36), actomyosin (37), bacterial adhesion FimH (38),
platelet glycoprotein Ibα (39), kinetochore protein (40), cadherin
(41), and actin (42). Here we provide a definitive physiologic
demonstration of catch bond regulation by a semaphorin signaling
through a plexin. Despite reports of cross-talk between plexins, the
cytoskeleton, and integrins, there is little evidence to support
a specific signaling mechanism (43) or uniform conformational
change on a semaphorin binding to a plexin (44, 45). Because the
absence of plexinD1 does not release the activated conformation
of β1 integrin but only the constraints on the tight nanoscale
membrane clustering, we must conclude that the sema3E-
independent function of plexinD1 does not affect the known
intracellular dynamics of integrin activation. Those dynamics
include integrin α and β chain cytoplasmic domain separation,
association with talin, association with kindlin-3, and linkage of
these proteins to the cytoskeleton stabilizing the activated integrin
state (46, 47). We propose that plexinD1 per se functions as
a scaffold to maintain β1 integrin in clusters. In contrast, sema3E
binding initiates cytoskeletal remodeling via modulation of plex-
inD1-intrinsic or -associated GAP activity, breaking the cytoskel-
etal stabilization of the activated β1 integrin conformation (5).
The strong medullary expression of sema3E implies minimal

influence of plexinD1 on medullary-localized thymocyte inter-
actions mediated by β1 integrins. Likewise, the plexinD1-sema3E
axis is unlikely to affect SP thymocyte-expressed αLβ2 integrin
because the specific ligand ICAM-1 is medullary expressed.
Moreover, the osteopontin-binding α4β7 integrin is expressed on
CD8SP but not CD4SP thymocytes. Thus, CD8SP thymocyte
regulation in the medulla will be distinct from that of CD4SP
thymocytes, and regulation of catch bonds involving various
additional integrin classes by other plexin/semaphorin family
interactions cannot be excluded (27). We also propose that the
same integrin regulatory functions observed herein for DP thy-
mocytes also modulate neurite outgrowth and endothelial mo-
tility. Beyond physiologic functions, recent studies have shown
that expression of sema3E and its receptor plexinD1 correlate
with metastatic progression of human tumors through increasing
invasiveness, transendothelial migration, and metastatic spread
(48). Further, viruses create semaphorin mimics influencing host
immune-related plexin activity; an example is that of the small-
pox virus A39 sema7A mimic, which interacts with plexinC1 (49).
These details of plexinD1-sema3E regulation of β1 integrin
function will allow further elucidation of the molecular basis for
plexin-semaphorin regulation of cellular repulsion or attraction.

Materials and Methods
Mice. Full details are provided in SI Materials and Methods.

Fig. 5. Loss of thymocyte plexinD1 leads to defective negative selection. (A)
Schematic of OTII+RIP-mOVA+ thymocyte selection. Ovalbumin expressed
from the Rip promoter is degraded in the thymic medulla and presented on
mTEC (blue) to positively selected thymocytes migrating from the cortex. For
negative selection, OTII-TCR+ thymocytes must move to the medulla. (B)
Survival of CD4+ SP OTII+RIP-mOVA+ D1CKO thymocytes in comparison with
plexinD1-expressing OTII+RIP-mOVA+ thymocytes. (Top) CD4 vs. CD8 FACS
dot plots on total thymocytes from indicated mouse strains. (Middle)
Expression of plexinD1 enumerated by sema3E-Fc binding on gated DP
thymocytes. (Bottom) Enumeration of mature Vβ5/CD3hi thymocytes. (C )
Survival of thymic and lymph node CD4 SP cells (absolute number per
organ). Mean ± SD is shown. (D) Survival of OTIIhi lymph node T cells,
gating on CD3e then Vβ5 to observe CD4 subset. (E ) Serum autoantibody
reactivity with different tissues as detected by Western blotting (Br, brain; Li,
liver; S.G., salivary gland; Pan, pancreas). Results of individual panels are
representative of two to three independent experiments for each group of
mice examined (where total n > 8).
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Chemotaxis and Cell Motility Imaging. Thymocytes were allowed to adhere to
uncoated, VCAM-1–, or laminin-coated microchannels and then exposed to
flow or chemokine gradient with or without sema3E and imaged at 37 °C as
described in SI Materials and Methods.

dSTORM Imaging and Analysis. For dSTORM images, thymocytes treated with
or without Sema3E-Fc were stained with anti-β1 and anti-β2 antibodies
coupled to biotin for 30 min on ice, labeled with Alexa Fluor 647-strepta-
vidin for 30 min on ice, and, after washing, were plated onto poly-L-lysine–
coated cover glasses by cytospin centrifugation and fixed in 4% (vol/vol)
paraformaldehyde until analysis. Images were acquired in an oxygen scav-
enging buffer (24) on a total internal reflection fluorescence microscope
(ELYRA; Zeiss) with a 100×, NA = 1.46 oil-immersion objective. For Alexafluor
647 dSTORM, imaging was performed at 30 mW with 633-nm laser illumi-
nation, and 0.1–1 mW of 488-nm laser light was used for conversion from
the dark state. Fifteen thousand to 20,000 images were acquired per sample
using a cooled, electron-multiplying charge-coupled device (EMCCD) camera
(iXon DU-897D; Andor) with an exposure time of 30 ms. Image analysis was
performed as described in SI Materials and Methods.

BFP Analysis. All experimental setup and detailed procedures have been
previously described (26, 27). In brief, we assembled an ultrasensitive force

probe by attaching a streptavidin-conjugated bead to the apex of a bio-
tinylated RBC aspirated by a stationary micropipette (Fig. 4A). The strepta-
vidin-coupled bead was first incubated with biotinylated goat-anti-mouse-Fc
antibody followed by mouse VCAM-1-Fc. A thymocyte aspirated by a sepa-
rate micropipette was driven by a piezoelectric translator (Physical Instru-
ments) with subnanometer precision via a capacitive sensor feedback control
(Fig. 4A). The probe bead and the target cell were aligned in a cell chamber
filled with L-15 buffer plus 0.5% human serum albumin and observed under
an inverted microscope (Axiovert 100; Zeiss, a 40×/NA 0.75 objective plus
a 4× TV tube) through two cameras at room temperature. One camera
(CCD100; DAGE-MTI) captured real-time images at 30 frames/s (fps). The
other camera (GE680; Prosilica) had high speed (1,600 fps) when the images
were limited to a 30-line strip across the bead, which allowed a custom
image analysis LabView (National Instruments) program to track the bead
position with a 3-nm (SD) displacement precision (Fig. S13). Further details
are provided in SI Materials and Methods.
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