little is known about the mechanisms through which
these modulations are achieved. Suppression of Netrin
attraction has been proposed to occur upon exposure to
Slits, through the association of their respective DCC and
Robo receptors {Stein and Tessier-Lavigne 2001}, In flies,
the sensitivity to Slits is silenced at the precrossing stage
through a post-translational mechanism coupling the Slit
receptor Robo to the Commissureless protein and target-
ing the complex for proteasomal degradation. This path-
way is suppressed at the midline through a yet-unknown
mechanism, thus enabling commissural axons to gain
responsiveness to Slits {Keleman et al. 2002; Dickson and
Gilestro 2006). However, the commissural-dependent
mechanism has not proven effective in vertebrates, despite
the conservation of Robo/Slit signaling at the ventral
midline. Genetic approaches in mice indicated that a spe-
cific spliced variant of one of the three Robo genes, robo3,
controls through a yetunknown mechanism Robol/2
signaling and responsiveness to Slits {Chen et al. 2008).
Another key but yet-unsolved issue is whether acquisition
of responsiveness to guidance cues results from experience-
independent processes, with neurons being sensitized
through an intrinsic mechanism, or rather from context-
dependent pathways, with neurons being sensitized by
signals localized at intermediate targets.

In this study, we explored the role of the midline
repellent Semaphorin3B {Sema3B), a class 3 Semaphorin
{Sema3) that was reported in in vitro assays to repel com-
missural axons after FP crossing (Zou et al. 2000}, We show
that crossing and post-crossing axon trajectories are de-
fective in Sema3B-null embryos, consistent with a role for
Sema3B in FP exit. We identify Plexin-Al as the signaling
coreceptor of Sema3B in this system, and show that
Plexin-A1- and Sema3B-null embryos exhibit similar guid-
ance defects of spinal commissural projections. We set up
cultures of isolated FP tissue and dissociated commissural
neurons and demonstrate that signals released by FP cells
sensitize commissural growth cones to Sema3B. Naive
commissural growth cones in culture and precrossing
axon segments in vivo express the receptor subunit
Nrp2, but Plexin-Al level is very low. Upon exposure to
FP signals conferring the response to Sema3B, Plexin-Al
level is up-regulated and the protein distributes in the
peripheral growth cone structures. In spinal cord explant
cultures, Plexin-Al expression was detected in axons
emerging after FP crossing, while it was very low in
explants cultures in which the FP was removed. When
electroporated in the chick neural tube, the fluorescence
of a Plexin-Al-gfpPhLuo fusion, allowing visualizing of
a cell surface protein pool, is turned on upon FP crossing,
which demonstrates that a switch of Plexin-Al level
occurs in this intermediate target. Decreasing and in-
creasing Plexin-Al levels in cultured commissural neu-
rons and in vivo is sufficient for altering growth cone
responsiveness to Sema3B. Through various pharmacolog-
ical and siRNA-based knockdown approaches, we show
that the Plexin-Al level is actively kept low at the
precrossing stage due to the processing by calpainl, and
that FP signals, by suppressing this protease pathway,
enable accumulation of Plexin-Al in commissural growth
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cones and sensitization to Sema3B. Consistently, calpain
activity in unfixed embryonic spinal cord sections is de-
tected in spinal neurons and precrossing axon segments,
but not in crossing axon segments and FP cells. Pharma-
cological inhibition of calpain activity in vivo induces
defects of FP in-growth and premature turning. Biochem-
ical approaches demonstrated that this calpain activity
directly processes Plexin-Al at the precrossing stage. Last,
we identify an active FP component, the Ig superfamily
cell adhesion molecule NrCAM, in the switch of Plexin-
Al processing, triggering commissural axon sensitization
to Sema3B.

Results

Sema3B/Plexin-A1 signaling is required
for commissural axon guidance at the midline

We first examined Sema3B and Nrp2 expression in
embryonic day 11.5 (E11.5) and E12.5 developing mouse
spinal cords by in situ hybridization. Consistent with
previous work {Zou et al. 2000}, Sema3B was found
expressed at the ventral midline and in dorsal territories,
while Nrp2 mRINA was detected in the dorsal horn where
commissural neurons reside {Fig. 1A; Supplemental Fig.
S1A). These expression patterns were consistent with
a role of Sema3B in the guidance of commissural pro-
jections. Next, we analyzed the trajectory of commis-
sural axons in Sema3B-null mutant mice. Crossing and
post-crossing commissural pathways were examined in
spinal cord open book preparations by insertion of Dil
(1,1’-dilinoleyl-3,3,3’,3'-tetramethylindocarbocyanine,
4-chlorobenzenesulfonate) crystals in the domain of com-
missural cell bodies (Fig. 1B). In contrast to axons that
turned rostrally after midline crossing in the wild-type
embryos in 80% of cases, axons from Sema3B-null em-
bryos exhibited aberrant trajectories in 60% of cases, rang-
ing from stalling or turning in the FP, caudal instead of
rostral turning, and dorsally rather than ventrally di-
rected growth after FP crossing {(number of crystals/num-
ber of embryos: 72/19 for +/+, 47/12 for +/—, and 90/13
for —/—, from four litters) {Fig. 1C). In another set of
experiments, we focused on FP-crossing phenotypes and
compared the proportion of Dil-labeled tracts that could
exit the FP {number of crystals/number of embryos: 52/
six for +/+, 28/three for +/~, and 51/four for —/—, from
two litters) {Fig. 1D}. More than 60% exited the FP in the
wild-type embryos for only 32% in the null embryos.
Thus, the genetic ablation of Sema3B disrupts the behav-
ior of crossing and post-crossing commissural axons. FP
and interneuron markers were not modified by the loss of
Sema3B, suggesting that these defects reflected a require-
ment for Sema3B guidance activity at the ventral midline
(Supplemental Fig. S1B,C). The Sema3 signaling is medi-
ated by Plexin-A family members that are obligatory Nip
coreceptors for the activation of transduction cascades
{Kruger et al. 2005; Bechara et al. 2008). Until now, there
was no information regarding the identity of the Plexin-A
recruited to Nrp2 for mediating Sema3B effects in axon
guidance. Based on expression patterns in in situ hybrid-
ization performed on E12.5 coronal sections, Plexin-Al
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Figure 1. Crossing and post-crossing com-
missural defects in Sema3B and Plexin-A1
knockout embryos, and gain of response to
Sema3B induced by FP°™. (A} In situ hy-
bridization on E12.5 cross-sections show-
ing Sema3B transcripts at the ventral mid-

line and Nrp2 in dorsal spinal cord do-

main of commissural neurons (arrows).
(B) Schematic drawing of the spinal com-
missural pathway and Dil labeling in open
book preparations. Green dashed lines
delineate the FP positioned by phase-
contrast observations. (C) Illustrations of
commissural tracts in wild-type embryos
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was the strongest candidate, as its transcript was detected
in dorsal interneurons, while that of the other Plexin-As
were not or were only weakly and/or uniformly distrib-
uted in the spinal cord (Fig. 1E; Cheng et al. 2001). We
then examined spinal commissural projections in Plexin-
A1l-null embryos. Dils were placed in open book prepara-
tions at stage E12.5/E13 (number of crystals/number
of embryos: 54/six for +/+, 61/eight for +/—, and 84/seven
for —/—, from five litters) (Fig. 1F). Errors of commis-
sural axon trajectories were detected and, remarkably,
they mimicked those identified in the Sema3B-null em-
bryos, with premature turning, stalling in the FP, defascic-
ulation, and caudal instead of rostral turning before and
after crossing (Fig. 1F). FP and dorsal markers also were
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not affected by Plexin-A1 genetic ablation (Supplemental
Fig. S2A,B). This analysis supported that Plexin-Al is
required for Semaphorin3B-mediated axon guidance in
the FP.

Local FP signals confer responsiveness to Sema3B

Explants assays established that commissural axons ac-
quire responsiveness to Sema3B upon FP crossing (Zou
et al. 2000). We confirmed this result in cocultures
of open book explants with cell aggregates secreting
Sema3B, observing that the growth of commissural axons
toward cells secreting Sema3B was permitted when the
FP was removed, but was inhibited in intact preparations
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{five embryos, >15 explants/condition, three independent
experiments) (Supplemental Fig. S3A). We hypothesized
that the gain of response results from exposure to local
signals present in the FP. To address this hypothesis, we
set up cultures of isolated FP tissue to produce condi-
tioned medium (FP°™}, and assessed it in a model of
dissociated dorsal spinal neurons. To validate this model,
we examined the expression of different commissural
neuron markers (Fig. 1G). First, neurons composing the
cultures expressed Isletl/2, mathl, and ngnl transcrip-
tion factors characteristic of the dl1, dI2, and dI3 pools of
comumissural neurons. Second, the cell surface commis-
sural marker DCC was detected in the axons and growth
cones of all cultured neurons (Fig. 1G). In vivo, L1-CAM is
expressed by commissural neurons, but is present only
along crossing and post-crossing axon segments {Supple-
mental Fig. S3B). In our model, L1-CAM was detected in
the soma and, strikingly, it was excluded in most cases
from the axon and the growth cone compartments, and
only occasionally L1* growth cones were detected (Fig.
1G; Supplemental Fig, S3B). Lastl initial axon outgrowth
was dependent on netrin-1, as expected for commissural
neurons (data not shown). Thus, cultured dissociated
dorsal neurons express the markers of commissural neu-
rons at the precrossing stage. To verify that the tissue put
in culture was composed by FP cells, we assessed the
presence of known soluble FP-derived cue Shh and
Netrin-1 in slot blots, and could detect their presence in
FP°™ samples (Fig. 1H; Supplemental Fig. S3C}:

Next, the neuronal cultures were exposed to either
control, Sema3B, or FP°™ treatment, or in combined
application {Fig. 1I). Notably, the level of collapse was
increased significantly by combined application of Sema3B
and FP°™ but not FP*™ or Sema3B alone (number of cones
per condition/number of experiments: 560/seven for con-
trol, 560/seven for Sema3B, 1040/13 for FP™, and 1280/16
for FP°™-Sema3B) [Fig. 1I). A similar gain of collapse was
observed when the FP°™ was removed prior to Sema3B
application, indicating that the FP®™ and Sema3B does not
act in synergy, but rather that the FP" contains signals
that capacitate commissural neurons to be responsive to
SemadB (Supplemental Fig. S3D). Commissural neurons
isolated at E11.5, E12.5, and E13.5 all failed to collapse
upon Sema3B exposure, indicating that neurons are un-
likely to acquire responsiveness through maturation, at
least in these culture conditions {Supplemental Fig. S3E).

Plexin-Al level is up-regulated by FP signals
in commissural growth cones

We hypothesized that responsiveness to Sema3B could be
gained through regulation at the receptor complex level.
Changes in expression levels, availability, or spatial dis-
tribution of some subunits could allow the growth cone
to assemble a functional receptor only within the FP.
To test this idea, we first examined the distribution of the
receptor subunits in spinal commissural axons by immu-
nohistochemistry on E11.5 cross-sections. The specificity
of the anti-Plexin-Al antibodies used for the study was
controlled in transfected cells and in cross-sections of
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Plexin-Al-null embryos {Supplemental Fig. S4A,B). Nrp2
could be detected along both precrossing, crossing, and
post-crossing axon shafts (Fig. 2A). Interestingly, Plexin-
Al expression was very weak in precrossing segments,
but was strongly up-regulated in crossing and post-crossing
segments {Fig. 2A). This raised first the possibility that
commissural neurons are unresponsive to Sema3B due to
the lack of Plexin-Al in the growth cone, and second that
Plexin-Al expression and/or distribution could be modi-
fied during FP in-growth to allow commissural axons
acquiring responsiveness to Sema3B. We thus investigated
whether the FP™ in our culture assay could regulate the
expression of Plexin-Al. Interestingly, in the basal condi-
tion, Plexin-Al was present in the central domain, but
absent from the peripheral growth cone structures, playing
key roles in the perception of extracellular signals. Re-
markably, FP™ application induced Plexin-Al spreading
in the growth cone filopodia (Fig. 2B). These observations
were confirmed by counting of Plexin-Al clusters (Fig. 2B).
We found that the number of Plexin-Al clusters increased
by only 16% in the central domain, but by 160% in the
filopodia. This was not due to morphological modifica-
tions, since the number of filopodia per growth cone was
statistically comparable in all conditions {Fig. 2B). Thus,
FP signals induce Plexin-A1l to accumulate in the filopodia.

We also asked whether the Plexin-Al level is regulated
by the FP°™ by petforming quantitative fluorescence
measurement, and found significant increase of the total
Plexin-Al pool in the soma and the growth cone (Fig.
2C,D). This result was confirmed with a second anti-
Plexin-Al antibody recognizing a different Plexin-Al
epitope (Supplemental Fig. S4A). A similar increase was
also found when the quantitative analysis was restricted
to. the surface pool of Plexin-Al (Fig. 2D)}. Such an in-
crease was not observed for another Plexin-A family
member, Plexin-A2 (Fig. 2E). N1p2 was also not obviously
modified after exposure to FP signals (Supplemental Fig.
85). We assessed the Plexin-Al level with a complemen-
tary biochemical approach (Fig. 2F). Fresh dorsal spinal
cord tissue was isolated for ex vivo stimulation by FP°™
and control treatments, and was processed for Western
blot analysis. As expected, the Plexin-Al level was in-
creased by twofold in the FP°™ condition compared with
the control, while the N2 level remained comparable
(Rig. 2F). To provide direct evidence that Plexin-Al up-
regulation takes place in axons that cross the FP, spinal
cord explants in which the FP was either removed or left
intact were cultured in a three-dimensional substrate and
labeled with anti-DCC and anti-Plexin-Al antibodies
[Fig. 2G). Plexin-Al and DCC levels were measured in
growth cones that had or had not crossed the FP. We
found that the DCC level remained constant in both
conditions, while the Plexin-A1l level increased by 36% in
growth cones that crossed the FP, thus demonstrating
that axons must cross the FP to up-regulate Plexin-Al
(—FP, 64 growth cones; +FP, 34 growth cones; two in-
dependent experiments).

Next, we used the chick embryo to investigate the
regulation of the Plexin-Al level upon FP crossing in
vivo. To validate this animal model for our question, we
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Figure 2. The Plexin-A1l level is increased by FP signals. (A) Immunolabeling of the Sema3B receptor subunits Nrp2 and Plexin-Al
(green) in E11.5 cross-sections with nuclear counterstaining (blue). Nrp2 is expressed on precrossing segments. Plexin-Al is initially
very low and is up-regulated in crossing and post-crossing segments. Bars, 100 um. (B) Microphotographs illustrating the difference of
Plexin-Al filopodial distribution between control and FP°™ conditions (white arrows and stars). Counting of Plexin-A1l clusters in the
central and peripheral growth cone domains. Treatment with FP°™ induces a strong increase of PlexinAl clusters in the peripheral
domain without modifying the number of filopodia per growth cone. Increase of Plexin-Al clusters in the central domain is very
modest. Bar, 15 wm. (C| Illustrations of Plexin-Al immunolabeling (in green, phalloidin in red) in neuronal cultures showing Plexin-Al
increase in the FP°™ condition, in the soma, and in the growth cone. Bar, 15 um. (D) The histograms summarize the quantitative
analysis of Plexin-Al fluorescence in the soma and the growth cones (total pool and cell surface) and its increase by FP signals. (E)
Plexin-A2 fluorescence in the growth cones is not up-regulated by FP signals. (F) Western blot analysis of the Plexin-A1 level in fresh
dorsal spinal tissue stimulated with control (cont) and FP*™. (Left panel) Experimental procedure. (Right panel) Rise of the Plexin-Al
but not the Nrp2 level in Western blot. The histogram shows quantification of band intensity and the increase of Plexin-Al but not
Nip2 in the FP°™ condition, compared with control. (G) Explants assays with spinal cord tissue in which the FP was removed or was not
removed. Illustration and quantification of DCC and Plexin-A1 growth cone fluorescence in commissural axons that crossed or did
not cross the FP. Bar, 15 um. (dD) Dorsal domain of the spinal cord; (vD] ventral domain of the spinal cord.

neutral pH such as the cell membrane, but very weakly in
acidic intracellular compartments (Jacob et al. 2005). After

confirmed that chick commissural neurons are unrespon-
sive to Sema3B at the basal level, but acquire responsive-

ness to Sema3B upon exposure to chick FP*™ (Supplemen-
tal Fig. S6). To visualize the cell surface expression of
Plexin-Al, the coding sequence was fused to gfp pHLuorin,
a Ph-sensitive gfp that fluoresces in compartments with
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transfection of the vector encoding Plexin-Al-Phluo in
COS7 cells, the fluorescence was almost restricted to the
cell surface, contrasting with a control egfp fusion mem-
brane protein that was, in addition, detected in intracellular
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compartments; Fig. 3A). Next, Plexin-A1PhLuo was elec-
troporated at very low levels (0. 5 pg/pL) in the chick
neural tube. Under these conditions, Plexin-Al-PhLuo was
detected in dividing neuroepithelial cells and post-mitotic
cells settling in the mantle (Fig. 3B). In commissural neu-
rons, the fluorescence was visible in the soma and the
proximal axon segment but was very weak in the pre-
crossing axon segment, thus indicating that the Plexin-
Al-PhLuo level was successfully repressed at the pre-
crossing stage. Remarkably, intense fluorescence was

Sema3B/Plexin-Al and midline crossing

detected in growth cones and axon segments after FP
crossing (total of six embryos, 100% penetrance of the
observation) (Fig. 3C). This compartmentalized pattern
was never observed in embryos electroporated with egfp
(total of six embryos) (Fig. 3D). To quantify these obser-
vations, Plexin-A1-PhLuo and egfp were coelectroporated
with rfp (Fig. 3E). In the Plexin-Al-PhLuo condition,
commissural growth cones were red prior to FP crossing,
becoming yellow in the FP, while in the egfp condition,
growth cones were already yellow before FP entry (Fig. 3E).

Figure 3. Plexin-Al up-regulation in com-
missural growth cones during FP crossing
and gain of response to Sema3B. (A) Two Z
scans showing restricted Plexin-A1l-PhLuo
cell surface expression in COS7 cells. (B-D)
Electroporation of Plexin-A1PhLuo or egfp
in the chick neural tube. Plexin-A1-PhLuo
is visible in polarized neuroepithelial cells,
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detected before crossing in the egfp/RFP
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knocked down (labeled with mouse-specific anti-Plexin-A1) and replaced by chick gfp-Plexin-Al (cPlex-Al, gfp label). cPlex-Al is
present in the growth cones. Bar, 20 pm. (]} The histograms show the results of a collapse assay and the rescue by cPlex-Al. (K)
Illustrations and quantifications of Dil labeling in open book preparations after electroporation of Plexin-Al/egfp or egfp at high
concentration in the chick embryo. Plexin-Al but not egfp overexpression induced defects of FP crossing. (White arrow in the egfp
condition) Post-crossing tract. Bar, 100 pm. (L) Gfp staining in cross-sections illustrating growth cone stalling at the FP entry in the
Plexin-Albut not egfp condition. (White arrows) Stalling growth cones and aberrant post-crossing axon trajectories. Bar, 100 pm.
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We counted the number of growth cones in the red and
green channels before FP entry, within the FP, and after FP
exit in the Plex-Al-PhLuo/rfp and egfp/rfp conditions
{total of 73 sections from six embryos, 587 growth cones).
The number of growth cones distributed equally before
and after EP crossing in the egfp/rfp controls. In striking
contrast, the number of green but not red fluorescent
growth cones in the Plex-A1-Phluo condition was strongly
shifted to the crossing and post-crossing categories (Fig.
3F). Thus, in vivo, the Plexin-Al cell surface level is kept
very low in commissural growth cones at the precrossing
stage and is up-regulated during FP in-growth.

If the Plexin-Al level is central to the regulation of
growth cone responsiveness, then modifying Plexin-Al
levels should alter commissural growth cone behaviors.
Accordingly, knockdown should invalidate the sensitiza-
tion, and overexpression should mimic the effect of FP
signals and confer responsiveness to Sema3B. First, Plexin-
Al was knocked down in cultured neurons by siRNA
transfection. Efficiency and specificity were controlled by
immunolabeling in cultured commissural neurons and in
Western blot (Fig. 3G). Analysis of growth cone behaviors
showed that those extending from neurons in which
Plexin-Al was silenced were unable to acquire respon-
siveness to Sema3B upon exposure to FP°™ {50 neurons
analyzed per condition, two independent experiments)
{Fig. 3G). Second, the Plexin-Al level was increased by
overexpression of Plexin-Al-PhLuo in cultured commis-
sural neurons (Fig. 3H). Intense fluorescence was detected
in the soma and growth cone compartment, demonstrat-
ing the ectopic accumulation of overexpressed Plexin-Al
at the growth cone surface. In this condition, the growth
cones were found responsive to the collapsing effect of
Sema3B in the absence of FP*™. As control for Plexin-Al-
PhLuo functionality, similar results were obtained after
transfection of a vsv-tagged Plexin-A1 form {Supplemental
Pig.S7A). Similar results were obtained in neurons isolated
from the chick embryo {Supplemental Fig.S7B). We also
performed rescue experiments (Fig. 3I). siRNA directed
against endogenous mouse Plexin-Al |{mPlexAl} was
cotransfected with chick Plexin-Al-egfp fusion (cPlexAl),
which escapes the silencing. Knockdown and overexpres-
sion was confirmed by immunolabeling with a Plexin-Al
antibody recognizing mPlexAl but not cPlexAl, and gfp
observations to detect cPlexAl. We observed in a collapse
assay that cPlexA1l could rescue the sensitivity of neurons
in which endogenous mPlexAl was abolished (Fig. 3]). As
observed in the overexpression-alone condition, the sen-
sitization was no longer dependent on FP®. Thus, an
artificial increase of the Plexin-Al level mimics the effect
of the FP*™ and is sufficient for conferring responsiveness
to Sema3B. We also examined the consequences of knock-
down of another Plexin-A, Plexin-A3, which appeared
to be expressed by commissural neurons. Nevertheless,
siRNA transfection, which efficiently and specifically ex-
tincted Plexin-A3, did not prevent commissural axon re-
sponses to Sema3B {Supplemental Fig. S7C).

We next assessed the consequences of in vivo Plexin-
Al overexpression. Plexin-Al and egfp constructs were
overexpressed by electroporation in the chick neural tube
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(total of 24 embryos, 240 crystals). Given that Sema3B is
produced at the midline, but also along the precrossing
axon route, premature responsiveness should affect the
growth of precrossing axons and their entry in the FP. The
pattern of commissural projections was first examined by
insertion of Dilin the dorsal domain of open book prepara-
tions {Fig. 3K). In embryos overexpressing Plexin-Al/egfp
but not egfp alone, a significant proportion of com-
missural axons failed to reach and enter the FP (Fig. 3K;
Supplemental Fig. S7D). Transversal sections were also
performed to visualize the trajectory of individual egfp®
axons. Consistent with the in toto Dil analysis, growth
cones accumulated at the FP entry in the Plex-Al/egfp*
butnot egfp* condition {Fig. 3L}. This phenotype was thus
consistent with the acquisition of the precrossing com-
missural response to the FP-repellent Sema3B.

FP signals suppress proteolytic calpainl activity
to increase Plexin-A1 level

Next, we explored the metabolic pathways by which
FP signals trigger increase of the Plexin-Al level. We as-
sessed activation of protein synthesis and, conversely,
inhibition of proteasomal degradation, as both of these
pathways were described to regulate guidance receptor
levels at the midline (Brittis et al. 2002; Garbe and
Bashaw 2004). We took a pharmacological approach in
our culture assay, and quantified the Plexin-Al level in
the soma and the growth cone compartments. Applica-
tion of MG132, a proteasome inhibitor, had no detectable
effect on the Plexin-Al level in both the soma and the
growth cone (Fig. 4A). Surprisingly, inhibition of protein
synthesis with anisomycin prevented the FP“"-triggered
gain of Plexin-Al in the soma, but notably not in the
growth cone {Fig. 4B,E). Thus, these pathways are un-
likely to control the inciease of Plexin-Al levels by FP
signals. We then assessed. the possible’ implication of
proteolytic processing: by first applying a cocktail of
inhibitors that blocks a panel of proteases, such as serine
proteases, cysteine proteases, and metalloproteases (Fig.
4C). Interestingly, in the soma and the growth cone, this
treatment increased Plexin-Al and induced its accumu-
lation in the filopodia in the control condition, fully
mimicking the FP*™ condition. Moreover, combined
pharmacological and FP°™ treatments did not produce
additive effects, thus likely affecting a common pathway.
We investigated the nature of the protease and found that
specific inhibition of the cysteine protease calpainl with
ALLn (1 pM) recapitulated the effect of the cocktail {Fig.
4D,E). In contrast, Nrp2 level was not found increased by
calpainl inhibition {Supplemental Fig. S8A). The pres-
ence of calpainl in commissural neurons was confirmed
by immunolabeling (Fig. 4F). If calpainl maintains Plexin-
Al at low levels, then its inhibition should confer re-
sponsiveness to Sema3B. Calpainl was thus knocked
down with siRNA transfected in neuronal cultures. Effi-
ciency and specificity of the siRNAs were controlled in
immunolabeling and Western blots {50 neurons per con-
dition, two independent experiments] {Fig. 4G; Supple-
mental Fig.S8B). Analysis in collapse assays demonstrated
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Figure 4. The Plexin-Al level is regulated
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that application of the calpainl inhibitor ALLn (1 pM)
in the neuronal cultures conferred responsiveness to
Sema3B, in the absence of FP™ (number of growth cones
per condition: 155 for control, 126 for control/ALLn, 123
for EP, and 127 for FP/ALLn; two independent experi-
ments) (Fig. 4H). Knockdown of calpainl with siRNA
resulted in similar effects (Fig. 4H).

These data suggested that calpains might be active in
commissural neurons to process Plexin-Al at the pre-
crossing stage but not in crossing axons, due to the action
of the FP signals. To address this issue, we first investi-
gated the pattern of calpain activity in the developing
chick spinal cord (Fig. 41). Spinal cords were isolated from
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HH25 (Hamburger and Hamilton 25) embryos, rapidly
sectioned into 200-pm-thick slices; incubated for 15 min
with the calpain activity reporter t-Boc, whose cleavage
produces blue fluorescence (Robles et al. 2003); and
observed immediately with a confocal microscope. As
expected, intense fluorescence was detected in the man-
tle where post-mitotic spinal neurons reside. In contrast,
any fluorescent staining was detected in the ventricular
zone containing the progenitors and the FP. Notably,
although the t-Boc fluorescence in cell populations along
the commissural pathway prevented assessment of cal-
pain activity in commissural axons in the dorsal and inter-
mediate spinal cord domains, at more ventral positions,
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t-Boc fluorescence was very clear in precrossing fibers,
abruptly disappearing in crossing axon segments at all
confocal Z positions {Fig. 41).

Second, we measured endogenous calpain activity in
fresh dorsal spinal cord tissue after exposure to control
and FP°™ treatments using a biochemical approach that,
unlike t-boc staining, allowed quantitative analysis. Con-
sistent with our model, decrease of calpain activity by
52% was found in the samples stimulated with FP°™
compared with the controls, and the decrease could be
reproduced in four independent experiments {Fig. 4]).

If calpain activity is required for precrossing commis-
sural axon guidance, its inhibition should produce guid-
ance defects at the FP. To address this issue, intraperito-
neal injections of MDL28170 {or calpain inhibitor III),
a calpain inhibitor that crosses the blood-brain barrier
and efficiently inhibits calpain activity in the CNS
{Markgraf et al. 1998; Mingorance-Le Meur and O’Connor
2009), were performed in pregnant mice at successive
E10.5 and E11.5. Commissural axon trajectories were
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analyzed in open book preparations of E12.5 embryos
{number of crystals/number of embryos: 73/six for vehi-
cle and 204/nine for MDL28170) (Fig. 5A). In the vehicle-
treated animals, commissural axons reached the FP
in almost all cases, whereas in the MDL28170-treated
animals, commissural axons stopped growing, turned in
both directions, or stalled at the FP entry in 25% of the
cases. The crossing and post-crossing trajectories of axons
that could reach the FP were not deeply modified, and
axons turned in an appropriate direction after FP crossing.
Thus, calpain activity is required for commissural axons
to reach and enter the FP, consistent with our finding that
calpain activity silences precrossing commissural respon-
siveness to the FP cue Sema3B.

Finally, we examined whether Plexin-Al is processed
through direct or indirect action of calpainl. First, we
performed an in vitro cleavage assay (Fig. 5B). Plexin-A1
was translated in vitro in the presence of MetS35, and the
product was incubated with purified active calpainl and
analyzed in Western blot. We found that Plexin-Al is
cleaved into two major fragments of apparent molecular
masses of 55 kDa and 45 kDa. Inhibition of calpainl
activity by EDTA blocked the processing. Positive con-
trol of calpain activity was done with a known calpain
target, the focal adhesion kinase (FAK). Second, Plexin-Al
tagged in Nter with Flag was transfected in COS7 cells.
The cells were incubated by ALLn or control treatment,
and Plexin-Al band patterns were compared in Western
blot (Fig. 5C). We observed two Plexin-Al bands at ~70
kDa and 50 kDa in the control condition that were
strongly reduced when calpainl activity was inhibited
with ALLn: Similar band patterns were observed using
N-ter vsv-Plexin-Al fusion and gfp-Plexin-Al fusion (data
not shown}. Differences of masses between these two
assays likely reflected post-translational modifications in
cell lines: Thus, the Plexin-Al extracellular domain is
processed by calpains. Third, we examined whether such
processed fragments could be detected in spinal dorsal

Figure 5. Calpain is required for precrossing commissural axon
guidance and cleaves Plexin-1. [A} Hlustrations and quantifica-
tions of Dil labeling in open book preparations. Inhibition of
calpain activity induces significant defects of precrossing axon
behaviors, with axons failing to enter the FP or turning before
crossing. Bar, 100 pm. (B} Autoradiography of Western blot
showing that in vitro translated Plexin-Al is cleaved by active
calpain! into two main fragments. Positive control: FAK. Plexin-
Al is not processed when calpainl is inhibited by EDTA. (C)
Western blot showing that Flag-Plexin-Al transfected in COS7
cells is processed by endogenous calpainl into two fragments.
The fragments are reduced by ALLn application. {Right panel)
Western blot to detect calpainl and Bactin in the same samples.
(D) Western blot showing Plexin-Al processing in fresh dorsal
tissue in control and FP®™ conditions. Inhibition of calpaini by
ALLn in the control condition induced accumulation of full-
length Plexin-Al and reduction of the processed fragments. The
band patterns of control + ALLn and FP°™ are similar. ALLn
application in the FP°™ condition does not modify the band
pattern. (Bottom panel] Plexin-Al-processed fragments are
detected with the same anti-PlexinA1l antibody in transfected
COS cells but not in nontransfected control COS7 cells (NT).
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tissue (Fig. 5D). Dorsal spinal cords were dissected from
E12.5 embryos, and were treated with control and FP™
in the presence and absence of ALLn. Plexin-Al band
patterns were compared in Western blot using an anti-
body recognizing Plexin-Al extracellular epitopes. Nota-
bly, in the control condition, the full-length Plexin-Al
band was strongly increased by ALIn, while conversely,
the processed fragments that we found present in the
samples were strongly decreased. As expected, the Plexin-
A1 band pattern of FP*™ and control + ALLn was similar,
and the presence of ALIn in the FP°™ did not modify the
band pattern (Fig. 5C). Thus, these experiments provided
evidence that calpainl activity in spinal commissural

Sema3B/Plexin-Al and midline crossing

neurons cleaves Plexin-Al, and that this processing is
suppressed by FP signals.

The FP cue NrCAM regulates Plexin-A1 level
and commissural responsiveness to Sema3B

In the next step, we explored the nature of the active com-
ponents mediating the gain of response to Sema3B. NrCAM
was an interesting candidate due to its high and restricted
expression in the FP, and its functional properties to regu-
late axon growth and guidance during the formation of vari-
ous commissural tracts (Fig. 6A; Falk et al. 2005; Williams
et al. 2006). Moreover, metalloprotease-mediated release of

Figure 6. NrCAM is an active FP cue in the

A B C _ +NcamFoi
) § T o regulation of the Plexin-Al level and acqui-
PP PP PR £ w0 sition of responsiveness to Sema3B. (A} In
130 kDa _I — g8 o situ hybridization on EI2.5 cross-sections
g 2 " : p
N +NCAM-F S 4 showing mRNA transcript of NrCAM in
z FP™ FP_NCFc NiC NT £ . .
$ 204 the FP. (B) Western blot showing detection
» 130 kDa ! o of NrCAM in four independent samples of
5 F T Ta somads FP™ and i
= WB NICAM & and in FP extracts (FP). (C) Collapse
assay with chimeric NrCAM-Fc. Application
D —=— S E  Fiopodes/ Clusters!  Clusters! of NrCAM-Fc combined with Sema3B allows
< g e b o Mopods, Contral domaln commissural neurons to acquire responsive-
3:}2: by o e N ) M ness to Sema3B, while NrfCAM-Fc, when
°| CaNCAMFe_] 2 21 g F 20 - applied alone, has no effect. (D} Application
g o 2 ® H ‘] 1% r‘] n D of NrCAM-Fc triggers a significant increase
s 2:‘ L1 0 [ of Plexin-Al levels in the soma and growth
ct NiC ¢t NrC ¢t NrC-Fe ct NrC-Fc cl NrC-Fc £ eal ed 2 Al
Pt o cones of cultured commissural neurons. (E)
@V Ve W@ WO W Plexin-Al clusters accumulate in the growth
F 1000 T IS 3 cone peripheral domain upon exposure to
Hex & 5 NrCAM-Fc, while the number of filopodia
" per growth cone remains comparable. (F)
LB FlocAT NrCAM was biochemically depleted from
3 % S the FP™ through immunoprecipitation
23 £ g with anti-NrCAM antibody (compare bands
- - o pointed to by the arrow). The Western blot
WB Nip2 shows strong reduction of NrCAM detection

in this sample (FP°™nycam) compared with

PRE:CROSSING

- s :
POST-OROSSING native FP™. In functional collapse assays,

Non
respansive

? %

<
Plex-Al \

(8)

00
80
60
40
= NCAM™| 4 ©
o NICAM™ 5
o NCAM* FPoxit___ Stop FP

the efficiency of FP™,ncam toO trigger re-
sponsiveness to Sema3B was significantly
decreased, compared with native FP™. In
the experiments using FP™ sncam, the con-
trol (cont) medium was also preincubated
with an antibody to normalize possible non-
relevant effects of the biochemical depletion.
(G) FP was isolated from the NrCAM mutant
mouse line to produce FP°™. This medium
was significantly less efficient than the wild-
type FP™. (H) Immunohistochemical label-
ing of E12.5 cross-sections showing a de-
crease of Plexin-Al reactivity in the FP

Supprossion of
calpt activity
Accumulation

of Plex-A1

Galn of
responsa
to SemadB

of NrCAM / embryos, compared with
wild-type embryos. (I} The Plexin-Al level

in FP extracts from NrCAM** and NrCAM / embryos was compared in Western blot. NrCAM deficiency induced a strong decrease of the
Plexin-Al level, while the Nrp2 level remained constant. (/) Analysis of commissural projections in open book preparations from the
NrCAM mouse line. The microphotographs and histogram show that NrCAM deficiency induced significant defects of FP crossing, with
axons stalling in the FP. Bar:A,H,J, 100 pmy; C,D, 15 wm. (K) Model for the mechanisms controlling the acquisition of Sema3B responsiveness
at the ventral midline. (Panel A} At the precrossing stage, active calpainl cleaves the signaling coreceptor Plexin-Al and silences
Sema3B responsiveness. (Panel B) During FP in-growth, commissural axons are exposed to FP signals that suppress calpainl activity. (Panel
C) Plexin-Al is allowed to accumulate in the growth cones, thus sensitizing them to Sema3B. This guidance response participates in the

FP exit.

-326-

GENES & DEVELOPMENT 405



Nawabi et al.

active NrCAM ectodomain has been reported, making it
possible that soluble NrCAM contributes to the property
of the FP°™. We thus assessed the presence of NrCAM in
the FP°™ by Western blot and could detect, with an
antibody recognizing NrCAM extracellular epitopes,
a 130-kDa NrCAM form corresponding to NrCAM ecto-
domain ({Fig. 6B). We next assessed the functional prop-
erties of NrCAM ectodomain in our neuronal assay.
Soluble NrCAM-Fc was applied to commissural neurons.
While the level of collapse was very low in the presence of
NrCAM.-Fc alone, it significantly increased when NrCAM
was applied with Sema3B, indicating that NrCAM-Fc
could trigger responsiveness to Sema3B {Fig. 6C). As
expected, NtCAM-FC application could also increase
Plexin-Al level in commissural cell bodies and growth
cones, and the protein accumulated in the growth cone
peripheral domain (Fig. 6D,E|. Next, to determine whether
NrCAM contributes to the property of the FP®™, NrCAM
was depleted from the medium by immunoprecipitation
with an anti-NrCAM antibody. As controlled by Western
blot, this procedure strongly reduced the NrCAM level in
the FP°™ (Fig. 6F). This FP“"snrcam was applied to com-
missural neurons, and its efficiency in triggering growth
cone responsiveness to Sema3B was significantly attenu-
ated (Fig. 6F). We also assessed the consequence of NrCAM
genetic ablation by producing FP°™ from NrCAM-null
embryos. Consistently, the effect of the FP*™ was almost
totally abrogated, indicating that NrCAM is a major
active component of the FP™ (Fig. 6G). To validate these
data, we investigated whether NrCAM deficiency alters
Plexin-Al level in the FP. First, immunolabeling was
performed on E12.5 NrCAM** and NrCAM™~ embry-
onic cross-sections. We observed a decrease of Plexin-Al
labeling in the FP of the NrCAM-null embryos compared
with wild-type embryos (Fig. 6H). Second, FP tissue was
dissected from NrCAM ™~ and NrCAM"* embryos orig-
inating from the same littermates, and the Plexin-Al
band pattern was analyzed in Western blot. The Plexin-
Al band was strongly decreased in the samples from
NrCAM™~ embryos compared with those of the wild-
type embryos, while, as control, Nrp2 level remained
similar (Fig. 6I). By altering the Plexin-Al level and
subsequently the gain of response to Sema3B, NrCAM
deficiency would then be expected to impair FP exit.
Consistently, in open book preparations labeled with Dil,
we found that a significant proportion of axon tracts
stalled in the FP of the NrCAM ™/~ embryos instead of
exiting the FP to turn rostrally, as observed in NrCAM*"*
embryos (Fig. 6]).

Discussion

The present study identifies a pathway-dependent mech-
anism in vertebrates by which spinal commissural axons
acquire sensitivity to a midline-derived repellent of the
Semaphorin family. Sema3s share typical receptor orga-
nization in multimolecular complexes (Kruger et al.
2005). We found that precrossing commissural axons are
maintained unresponsive to Sema3dB by the protease
calpainl, processing the signaling moiety of the Sema3B

406 GENES & DEVELOPMENT

receptor complex, Plexin-Al, to prevent expression of the
integral protein in commissural growth cones. Exposure
to the local FP signal NrCAM suppresses this processing,
enabling full-length Plexin-Al accumulation in crossing
commissural growth cones, thus switching on their re-
sponsiveness to Sema3B {Fig. 6K).

Semaphorin3B/Plexin-A1 signaling regulates
guidance decisions at the ventral midline

Several ligand/receptor pairs regulate commissural axon
guidance at the midline, playing synergic and complemen-
tary roles {Garbe and Bashaw 2004). First, Netrin/DCC
and Shh/BOC attract commissural axons toward the FP
{Okada et al. 2006). Repulsive Slit/Robo signaling ensures
that axons exit the FP and do not cross the midline again.
Nevertheless, genetic loss of Robo signaling {Robol and
Robo2) does not totally abolish FP exit, thus indicating
that other cues participate in this process {Dickson and
Gilestro 2006). Recent work identified SCFI as an addi-
tional cue whose growth-promoting effect helps commis-
sural axon exiting the FP [Gore et al. 2008). Ephrin-Bs are
other candidates, particularly Ephrin-B3, which is
expressed by the FP [Kadison et al. 2006). Zou et al.
{2000} showed that important guidance decisions in the
FP are mediated by the Semaphorin receptor Nrp2. We
found that, in Sema3B-null mutant mice, commissural
axons often stall in the FP or grow at aberrant directions
after midline crossing. These defects are very similar to
those observed in the Nrp2 knockouts, thus showing that
Sema3B might be the Nrp2 ligand required in vivo for
proper commissural guidance at the midline. Neverthe-
less, despite their common expression at the ventral
midline, Slits and Sema3B chemorepellents likely have
specific roles, since the recrossing of commissural axons
characterizing the loss of Robo/Slit signaling was not
detected in the Sema3B knockouts. We could iden-
tify Plexin-Al as the Plexin-A family member mediating
Sema3B responses in spinal commissural axons. Likewise,
Plexin-Al is synthesized by commissural neurons, and its
invalidation by siRNA abolishes the Sema3B-induced
collapse response of their growth cones, normally trig-
gered by FP signals. Moreover, Sema3B- and Plexin-A1-
null embryos develop similar guidance defects of com-
missural projections at the FP.

Processing of guidance receptor by calpains:
a mechanism for silencing Sema3B
responsiveness at precrossing stage

In Drosophila, responsiveness of precrossing commis-
sural axons to Slit is silenced through coupling of the Slit
receptor Robo to Commissureless, and sorting for protea-
some degradation {Dickson and Gilestro 2006). In verte-
brates, a spliced variant of one of the three Robo gene
products, Robo-3.1, appears as a functional equivalent of
Drosophila Commissureless, preventing through a vyet-
undetermined mechanism Robol and Robo2 from medi-
ating responsiveness to Slits at the precrossing stage
{Sabatier et al. 2004; Chen et al. 2008). The present study
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highlights a novel mechanism by which precrossing
commissural responses are silenced, based on processing
of guidance receptors.

Aninteresting aspect of this pathway is that it does not
prevent ligand/receptor interaction as for the Robo/Slit
pair in Drosophila and possibly in vertebrates, since Nip2
sorting to the growth cone surface is not prevented.
Rather, it precludes accumulation of full-length signaling
moiety of the receptor complex specifically transducing
Sema3B in these neurons. This mechanism is advanta-
geous and well-suited to the Semaphorin signaling, as it
enables the other receptor subunit, Nip2, to engage in
other complexes.

Calpains are calcium-dependent cysteine proteases,
regulating various processes. For example, they play
pivotal roles in cell motility and synaptic functions by
cleaving components of adhesion complexes and neuro-
transmitter receptors (Carragher and Frame 2002; Wu and
Lynch 2006). Their functions during neuronal develop-
ment are less characterized, but calpains are present in
neuronal growth cones, are activated by intracellular
calcium transients to reduce growth cone motility, and
also are found downstream from Semaphorin5B {To et al.
2007). Interestingly, calpains process rather than degrade
proteins, and are seen as regulators of protein functions,
modulating protein—protein interactions, phosphoryla-
tion state, distribution, and traffic {Carragher and Frame
2002). Our data indicate that calpainl is active in com-
missural neurons and maintains the integral form of
Plexin-Al at very low levels at the precrossing stage by
cleaving the Plexin-Al extracellular domain, generating
two fragments that can be detected in Western blot. This
processing could take place before protein sorting to the
cell membrane. Likewise, previous studies reported de-
tection of calpain in the lumen of endoplasmic reticulum
and golgi vesicles, thus being at an appropriate location
for cleaving neosynthesized target proteins during their
intracellular traffic (Hood et al. 2004, 2006}. Alterna-
tively, Plexin-Al could be cleaved at the cell surface,
since increasing evidence indicates that calpains are
externalized and can be retained to the membrane surface
through association with proteoglycans {Abe et al. 1998;
Nishihara et al. 2001; Frangie et al. 2006; Peltier et al.
2006). Several of our results support an important role
for calpain activity during precrossing commissural axon
guidance. First, in the spinal cord sections, calpains were
found active in spinal neurons and precrossing commis-
sural axon segments. Second, inhibition of calpain activ-
ity in vivo resulted in strong defects of commissural axon
behaviors before FP crossing: axons failing to enter the FP,
turning before FP crossing, or even not reaching the
FP. Interestingly, all of these defects were also induced
by Plexin-Al overexpression in the chick embryo, thus
supporting that calpain-1 activity prevents Plexin-Al
expression at the precrossing stage. Whether this prote-
ase suppresses precrossing commissural responses to
other midline repellents by processing guidance receptors
other than Plexin-Al, such as Robol/2 or Eph receptors,
is an intriguing possibility that will be assessed in future
studies.
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Commissural axons acquire Sema3B responsiveness
through a pathway-dependent mechanism, implicating
local FP signals

Our results showed that suppression of calpain activity
in the FP is instrumental for the gain of commissural
responsiveness to Sema3B. Several data support this
conclusion. First, in unfixed spinal cord sections, calpain
were not active in FP cells or in the crossing axon tract.
Second, we found that the FP tissue released signals that
inhibit calpain activity in spinal tissue. Third, suppres-
sion of calpain activity could increase integral Plexin-Al
levels in acute dorsal tissues and cultured commissural
neurons and induce responsiveness to Sema3dB.

Commissural axons were found to acquire responsive-
ness to a variety of repellents, but whether this occurs
through a pathway-dependent or pathway-independent
mechanism remains unclear. In the Xenopus visual sys-
tem, the temporal switch from attractive to repulsive be-
havior of retinal axons to Netrinl does not depend on
pathway experience (Shewan et al. 2002). Our data do not
support the view that such an experience-independent
mechanism operates to confer responsiveness to Sema3B
at the midline. First, dorsal spinal neurons isolated from
early E11 to late E13.5 were equally unresponsive to
exogenous Sema3B application (Supplemental Fig. S3BJ.
Second, in open book preparations, removing the FP was
sufficient to abolish the repulsive behavior of commis-
sural neurons to a focal source of Sema3B. Finally, neu-
rons became sensitive to Sema3B upon exposure to FP™,
independent from the developmental stage at which they
were collected. Our data thus support that signals ema-
nating from intermediate target cells play pivotal roles in
the switch of responsiveness.

Consistently, we could show that the Ig superfamily cell
adhesion molecule NrCAM is an active FP component,
regulating the Plexin-Al level and acquisition of respon-
siveness to Sema3B. High levels of NrCAM transcripts
were detected in the FP, and the protein was present in the
FP°™. In our neuronal assay, soluble NrCAM mimicked
the FP°™, triggering responsiveness to Sema3B and in-
crease of the PlexinAl level. In contrast, neither Netrin-1
nor Shh could recapitulate the gain of responsiveness
to Sema3B conferred by the FP°" (H Nawabi and V
Castellani, unpubl.). Moreover, the biochemical or genetic
depletion of NrCAM strongly altered the properties of the
FP°™, In vivo, strong decrease of the Plexin-Al level in the
FP of NrCAM-null embryos was found and significant
amounts of axon tracts abnormally stalled in the FP.
NrCAM is expressed by various developing neuronal pro-
jections, and several previous studies implicated it in the
regulation of axon navigation, as receptors or coreceptors
for environmental guidance cues {Lustig et al. 2001; Falk
et al. 2005; Williams et al. 2006). Likewise, NrCAM
interaction with Nrp2 was found to be required for axons
to normally form the anterior commissure in the brain,
and NrCAM expression is required by RGC axons to form
proper patterns of ipsilateral/contralateral commissures in
the visual system {Falk et al. 2005; Williams et al. 2006).
Interestingly, NrCAM is highly expressed in specialized
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glial structures in the ventral midline—not only in the
spinal cord, but also in all upper floors of the CNS {Lustig
et al. 2001}—but how NrCAM glial sources contribute to
axon pathfinding remains unknown. The present work
establishes a novel function for NrCAM as an intermedi-
ate target cue regulating the expression level of guidance
receptors in the growth cones to control pathway choices
at the ventral midline.

Materials and methods

Genotyping and vector cloning

Genotyping was performed as described in Falk et al. {2005},
Yoshida et al. (2006), Takegahara et al. {2006}, and Sakurai et al.
{2001). Mouse Plexin-A1-PhLuorin was generated by introducing
in Nter the coding sequence of the PhLuorin cloned from a vector
encoding GABA A-PhLuorin-gfp {Jacob et al. 2005). Gfp was
fused in Nter of the coding sequence of chick Plexin-Al.

Western blot

Spinal cords from E12.5 embryos were prepared in an open book
configuration. Tissues were treated with control supernatant and
FP™ with or without ALLn {10 pM; Sigma) for 30 min. Dissected
tissues were lyzed in 2X laemmli buffer. Cos7 cells transfected
{Exgen, Euromedex) with Flag-plexinAl, vsv-Plexin-Al, and gfp-
Plexin-Al were treated for 1 h with ALLn {10 pM; Sigma).
Samples were analyzed by Western blot using goat anti-Nrp2
{1/1000; R&D), rabbit anti-plexAl {1/1000; AbCAM), anti-Calpainl
and anti-Calpain2 (1/500, Santa Cruz Biotechnologies), anti-
NrCAM ({1/1000; AbCAM), anti-vsv (1/1000; Sigma}, anti-Flag
(1/1000}, and anti-Bactin {1/1000; Sigma} antibodies.

Cocultures, explant cultures, cultures of dissociated
neurons, and collapse assay

FPs were isolated from E12.5 embryos and cultured in three-
dimensional plasma clots {Castellani et al. 2000} in B27-supple-
mented Neurobasal medium {Gibco). The supernatant was col-
lected after 48 h. For coculture experiments, HEK 293 cells were
transfected with plasmids encoding either Sema3B-Alcaline
Phosphatase fusion protein or control Alcaline Phosphatase. Cell
aggregates were cocultured with spinal cord open books as
described in Falk et al. (2005). Cocultures and spinal cord
explants with or without FP were grown for 24 or 48 h, fixed in
4% paraformaldehyde (PFA}, and stained with phalloidin-TRITC
or with an anti-neurofilament antibody, or with anti-DCC
antibody (BD Bioscience} and anti-PlexinAl antibody {Santa
Cruz Biotechnologies)]. Axon outgrowth was quantified by mea-
suring axon length using Image J software. Plexin Al and DCC
fluorescence levels were quantified with Image J software, as in
Moret et al. {2007]. For the collapse assay, dorsal spinal cord
tissues from E11.5, E12.5, or E13.5 embryos were dissociated,
and cells were plated into polylysin- and laminin-coated glass
coverslips in Neurobasal supplemented with B27, glutamine
(Gibco), and Netrin-1 (R&D} medium. After 1 or 2 d in vivo
{DIV}, neurons were incubated with control or FP*™ or different
molecules for 30 min at 37°C. Then Sema3B-AP was added on
cells for 30 min at 37°C. Cells were fixed in PFA 4%/1.5% sucrose
and labeled with phalloidin-TRITC {1/500; Sigma). Collapsed
growth cones were scored as in Falk et al. {2005}. The following
were used: protease inhibitor cocktail {Sigma), calpain inhibitor I,
ALLn {1 uM; Sigma), actinomycin D (0.5 pg/mL; Sigma), MG132
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{10 wM; Sigma), anisomyein {40 uM; Sigma), and Shh {2 wg/mL;
Sigmal. siRNA to Plexin-Al, calpainl, and control siRNA (Santa
Cruz Biotechnologies} were transfected with Lipofectamin2000
according to the manufacturer's recommendations (Invitrogen).
Statistical comparisons were done with Student’s t-test for
collapse assays and ANOVA for analysis of fluorescence level:
(*} P-value < 0.05; {**} P-value < 0.01; (***} P-value < 0.001.

Immunohistochemistry, in situ hybridization,
and t-Boc assay

Immunolabeling of neuronal cultures and sections was performed
with antibodies anti-Plexin-Al {1/100; Santa Cruz Biotechnol-
ogies, AbCAM, Chemicon}, anti-Plexin-A2 (1/100; Santa Cruz
Biotechnologies), anti-Nmp2 {1/100; R&D), anti-L1-CAM (1/100;
Chemicon), anti-Ngn1 {1/100; Santa Cruz Biotechnologies), anti-
Mathl (1/250; Chemicon), anti-Robo3 (1/100; R&D}, and anti-
calpainl (1/100; Santa Cruz Biotechnologies). Nuclei were stained
with bisbenzimide (Promega} and actin with TRITC-phalloidin.
Twenty-microgram cryosections were prepared from embryos
tixed in 4% paraformaldehyde, embedded in gelatin 7.5% [sucrose
15%, and incubated overnight at 4°C with antibodies anti-Np2
(1/100; R&D), anti-Plexin-Al {1/100; AbCAM/, and anti-Neuro-
filament {160 kDa, 1/100;RMO Zymed), and secondary antibodies
Alexa 594, Alexa 488 (1/500; Invitrogen), and Fluoroprobe 546
{1/100}withbisbenzimide{1/1000; Promega). Chromogenic immu-
nostaining and in situ hybridization were performed as described
in Moret et al. {2007]. For the t-Boc assay, 180 uM fresh cross-
sections from embryonic spinal cords were incubated for 10 min
with t-BOC (20 uM; Invitrogen). Staining was observed immedi-
ately using a confocal microscope.

Calpain inhibition in vivo

The calpain inhibitor I {in DMSO, diluted at 12.5 mg/kg;
MDL28170, Calbiochem| was dissolved in saline solution
{0.9% NaCl} and injected intraperitoneally into pregnant mice
{Charles River} at 10.5 and 11.5 d post-coitum {dpc). The mice
were sacrificed at 12.5 dpc, and the spinal cords from embryos
were collected for open book preparations and Dil labeling.
Controls were performed with DMSO-treated animals.

Dil staining on spinal cord open books

Spinal cords were prepared in an open book conformation and
fixed in 4% PFA for 2 h. Small crystals of Dil {Invitrogen) were
inserted in the dorsal part of one hemicord. Axon trajectories
were observed using fluorescence microscopy after 48 h.

In ovo electroporation

In ovo electroporation of chick embryos (Gallus gallus, EARL
Morizeau} was performed as described previously {Moret et al.
2007}. Plasmids encoding Plexin-Al, egfp, or rfp were diluted at
2 pg/ul in PBS, and at 0.5 pg/pL for Plexin-A1-PhLuorin.

Analysis of calpain activity and in vitro cleavage assay

Isolated dorsal spinal cord fresh tissue was incubated for 30 min
at 37°C with control and FP®™ supernatants, and was treated
according to the manufacturer’s instructions (Calbiochem).
Calpain activity was measured by fluorogenic activity (Victor
3 multilabel counter, Perkin Elmer}. Vectors encoding Plexin-Al
and FAK were transcribed and translated in vitro (TNT T7 kit,
Promega) in the presence of Met®*®. The products were incu-
bated with active calpainl {Calbiochem), and were analyzed by
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electrophoresis and autoradiography. EDTA was added in some
experiments.

Statistical analysis

Statistics were done with ANOVA for quantification of Plexin-
Al levels and Student’s t-test in all other cases. {(***} P <0.0001;
{(**} P < 0.001; {*} P < 0.01; {ns) not significant.
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Regulation of immune cell responses by semaphorins and

their receptors

Hyota Takamatsu''?, Tatsusada Okuno®? and Atsushi Kumanogohl’2

Semaphorins were originally identified as axon guidance factors involved in the development of the neuronal system. However,
accumulating evidence indicates that several members of semaphorins, so-called ‘immune semaphorins’, are crucially invelved in
various phases of immune responses. These semaphorins regulate both immune cell interactions and immune cell trafficking during
physiological and pathological immune responses. Here, we review the following two functional aspects of semaphorins and their
receptors in immune responses: their functions in cell—cell interactions and their involvement in immune cell trafficking.
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INTRODUCTION

Increasing evidence indicates that the nervous and immune systems
have considerable overlap and links." For example, some axon guid-
ance molecules, such as slits™™ and ephrins,™™ have been shown
to regulate immune cell migration. In addition, T-cell-antigen-
presenting cell contact sites, the so-called ‘immunological synapse’,
is structurally similar to the ‘neurological synapse’ that connects pairs
of neurons. These shared molecules and interactions play critical roles
in inducing proper immune responses.

Semaphorins were named for their properties that are analogous to
the system of flags and lights that is used in rail and maritime com-
munication. They were initially identified as repulsive axon guidance
molecules that were required to direct neuronal axons to their appro-
priate targets.” More than 20 types of semaphorins have been iden-
tified,® and they have diverse functions in many physiological
process,'’ including cardiogenesis,’**> angiogenesis,”"” vasculogen-

19 " .20 ’ 8
osteoclastogenesis™ and immune regu-

.16 .
esis,'® tumor metastasis,

OIS 1. . : .
lation. In this review, we focus on two functional aspects of
semaphorins, their roles in immune cell—cell interactions and immune
cell trafficking. In addition, we discuss current perspectives on
‘immune semaphorin’ research, including its application for
immunological disorders.

SEMAPHORINS AND THEIR RECEPTORS

Semaphorins are secreted and membrane-associated proteins that are
characterized by a conserved extracellular amino-terminal ‘Sema’
domain. Based on their C-terminal structures, this diverse group of
proteins has been further divided into eight subclasses. Semaphorins
in classes I (invertebrate) and IV-VII are membrane-associated,

whereas those in classes IT (invertebrate}, Il and VIII (virally encoded)
are secreted.’™ Two groups of proteins, plexins and neuropilins
(NPs), have been identified as the primary semaphorin receptors.
Most membrane-bound semaphorins directly bind plexins, whereas
class T semaphorins require NPs as obligate coreceptors.”*™*
However, recent reports have suggested that semaphorin receptor
usage is more complex than previously thought. For example,
Sema3E signals independently of NPs through plexin-D1,'® while
Sema7A uses integrins to exert its functions in both the nervous and
immune systems.”** In addition, two molecules unrelated to plexins
and NPs, CD72% and T-cell immunoglobulin and mucin domain-
containing protein 2 (TIM-2)," functionally interact with SemadD
and Sema4A, respectively, in the immune system (Figure 1).

Plexins are canonical semaphorin receptors with a large cytoplasmic
region. [n the nervous system, semaphorin—plexin signaling has been
shown to mediate diverse neural functions by regulating GTPase activ-
ities and cytoplasmic/receptor-type protein kinases.'*"* These
plexin-mediated signals are involved in integrin-mediated attach-
ment,ls'ﬁ‘“ actomyosin contraction”® and microtubule destabili-
zation. In addition, plexins can associate with different
coreceptors in distinct tissues to allow semaphorins to exert pleiotro-
pic functions. For instance, plexin-Al is associated with the tyrosine
kinase receptors off-track and vascular endothelial growth factor
receptor 2 in heart morphogenesis.** On the other hand, plexin-Al

39-41

forms a receptor complex with triggering receptor expressed on mye-
loid cell (TREM)-2/DNAX-activating protein 12 (DAP12) in osteo-
clastogenesis.” Furthermore, plexin-B1 has been shown to associate
with the receptor tyrosine kinases Met and ErbB2, triggering invasive
growth of epithelial cells.'**?
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Figure 1 Representative immune semaphorins and their receptors in lymphoid and non-lymphoid cells. Sema3A binds to neuropilin-1 with high affinity to assemble a
NP-1/plexin-Al recepter complex and involves in the axon guidance events. Sema4D binds to plexin-B1 in the brain and transduces chemarepulsive signals. In the
immune system, Sema4 D uses CD72 as a functional receptor in B cells and DCs and enhances the activation of B cells and DCs. Sema4A binds TIM-2 and is involved
in T-cell activation and differentiation in the immune system. In the non-immune system, however, Sema4A recognizes plexin-B proteins and plexin-D1. Sema6D
exerts different biological activities through plexin-A1, depending on its coreceptors. During chick embryogenesis, plexin-A1 differentially associates with off-track and
VEGFR2, and these receptor complexes have distinct functions in heart development. In the immune system, plexin-Al forms a receptor complex with TREM-2 and
DAP12 and, after Sema6D binds, this complex transduces signals that stimulate DCs and osteoclasts. Sema7A uses B1 integrin as receptors in both the nervous and
immune systems. In the immune system, Sema7A expressed on activated T cells stimulates macrophages through «.1B1 integrin to promote inflammatory responses.
DC, dendritic cell; DAP12, DNAX-activating protein 12; NP-1, neuropilin-1; OTK, off-track kinase; TIM-2, T-cell immunoglobulin and mucin domain-containing protein
2; TREM-2, triggering receptor expressed on myeloid cells 2; VEGFR2, vascular endothelial growth factor receptor 2.

INVOLVEMENT OF ‘IMMUNE SEMAPHORINS’ IN CELL-CELL
INTERACTIONS

SemadD: a semaphorin involved in B-cell/dendritic cell activation
Sema4D, also known as CD100, is the first semaphorin protein that
was determined to have immunoregulatory functions. In the immune
system, Sema4D is expressed in T cells, activated B cells and mature
dendritic cells (DCs).****° Sema4D promotes the activation of B cells
and DCs to induce antibody production and antigen-specific T cells,
respectively.”****” Plexin-B1 and CD72 were identified as the Sema4D
receptors in the nervous and immune systems.“’48 CD72 negatively
regulates B cells by recruiting the tyrosine phosphatase Src homology
phosphatase-1 (SHP1) to its immunoreceptor tyrosine-based inhib-
itory motifs (ITIM).***° Ligation of Sema4D to CD72 causes SHP1

Cellular & Molecular Immunology

to dissociate from CD72, resulting in B-cell and DC activation.”
Consistent with this function, Sema4D-deficient mice exhibit
impaired antibody production and priming of antigen-specific T
cells.*** In particular, Sema4D is crucially involved in
T-cell-mediated neurological inflammatory diseases. Sema4D-deficient
mice are resistant to experimental autoimmune encephalomyelitis
(EAE) due to impaired antigen-specific T-cell responses in the drain-
ing lymph nodes and attenuated inflammation in the central nervous
system.” In addition, T-cell-derived Sema4D has been implicated in
the collapse of process extension of immature oligodendrocytes and
the death of immature neural cells in the spinal cords of patients with
human T-cell lymphotropic virus type 1-associated myelopathy™
(Table 1).
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Table 1 Immune semaphorins, their receptors and diseases

85

Semaphorins/receptors Expression Binding partner Activities Related diseases
Semaphorin
Semiz3A Tcells Plexin-A proteins Inhioition of Mmonocyte migration Atopic dermatitis
Tumor cells Inhibition of T-cell activation Cancer
Endothelial cells Inhibition of tumor angiogenesis
SemizdA Dendritic cells Plexin-B proteins T-cell activation EAE
Activated T cells Plexin-D1 Promotion of Thl differentiation Atopic dermatitis
Thl cells TIM-2
SeratD Tcells Plexin-B1 B-cell activation EAE
Activated B cells Ccb72 DC activetion HAM
Dendritic cells Microglial activetion
Injury of oligedendrocytes
Sema6D Tcells Plexin-Al DC activation EAE
B cells Preduction of type | interferon Osteopetrosis
NK cells Differentiation of osteoclast Nasu—Halora disease
Sema7ZA Activated T cells Plexin-C1 Monccyte/macrophage activation Contact hypersensitivity
Integrin «1p1 EAE
Pulmonary fibrosis
Receptor
Neuropilin-1 T cells Class I semaphorins Inhibition of T-cell activation Cancer
Treg cells VEGF Tumor angiogenesis
Tumor cells
Endothelial cells
Plexin-Al Dendritic cells Class Vi semaphorins DC activation EAE
Plasmacytoid DCs Production of type | interferon Osteopetrosis
(Osteoclasts) Differentiation of osteoclast Nasu—Hakola disease
Plexin-A4 T celis Cless VI semaphorins Inhibition of T-cell activation EAE
Dendritic cells
Macrophages
Plexin-B1 Microglia Class 1V semaphorins Microglial activation FAE
Oligodendrocytes Injury of oligodendrocytes HAM
TIM-2 Activated T cells SemzdA T-cell activation EAE
Th2 cells Airway atopy
cD72 B cells SemaéD B-cell activation
(Dendritic cells) DC activation
Integrin «1p1 Monocytes Sema7A Monocyte/macrophage activation EAE
Macrophages Pulmonary fibrosis

Abbreviations: DC, dendritic cell; EAE, experimental autoimmune encephalomyelitis; HAM, HTLV-1-associated myelopathy; NK, natural kitler; Th1, T-helpertype 1; Th2, T-
helper type 2; TIM-2, T-cell immunoglobulin and mucin domain-containing protein 2; Treg, regulatory T cell; VEGF, vascular endothelial growth factor.

SemadA: a semaphorin involved in T-cell activation/differentiation
SemadA, a class IV semaphorin, plays important roles in the immune
system. SemadA is constitutively expressed in DCs and induced in
polarized T-helper type 1 (Thi) cells.*®™ DC-derived SemadA is
crucial for antigen-specific T-cell priming via T cell-DC-cognate cell
interactions, while T cell-derived Sema4A is involved in helper T-cell
differentiation via T cell-T cell cognate cell interactions. Indeed,
Sema4A-deficient mice have impaired Thl responses to heat-killed
Propionibacterium acnes, a Thl-inducing bacteria. Conversely,
Sema4A-deficient mice show enhanced T-helper type 2 (Th2) res-
ponses against Nippostrongylus brasiliensis, a Th2-inducing intestinal
nematode.™ TIM-2, a negative regulator of Th2 cells,”* has been sug-
gested to serve as a functional receptor for Sema4A.*® Consistent with
these findings, TIM-2 is preferentially upregulated on Th2 cells.”
Furthermore, Sema4A has been suggested to have several binding
partners in addition to TIM-2, and members of plexin-B and
plexin-D1 have also been shown to bind to Sema4A.'*

SemadA is also involved in T-cell-mediated autoimmune diseases
through mechanisms that are distinct from SemadD. Indeed, a
SemadA deficiency results in attenuated development of autoimmune
myocarditis.> In addition, SemadA-deficient mice on a Th2-prone

BALB/c background spontaneously develop atopic dermatitis
(unpublished data). These results provide further support that
Sema4A is physiologically and pathologically involved in the differ-
entiation of helper T cells.

Sema6D and plexin-Al: an interaction involved in the T cell/DC
interface

Plexin-Al is one of the primary semaphorin receptors whose function
has been extensively investigated. Class III semaphorins bind to NP-1
and then form a receptor complex with plexin-A1.** Additionally,
plexin-Al serves as a direct binding receptor for class VI semaphorins,
Sema6C and Sema6D. >’

In the immune system, plexin-Al is specifically expressed in DCs,
where it mediates the activation of T cells and the production of type I
interferon.’>™*® The generation of antigen-specific T cells is impaired
in plexin-Al I mice Sema6D, which is expressed in T cells, B cell
and natural killer cells, was identified as a putative ligand for plexin-
A1 Indeed, recombinant Sema6D protein binds to and activates DCs
and increases type I interferon production. Plexin-Al forms a receptor
complex with the TREM family of proteins and the adaptor molecule
DAP12.% Both DAP12-deficient and plexin-Al-deficient mice not
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only develop osteopetrosis™®®®® but also are resistant to EAE.*
Interestingly, genetic mutations in human DAP12 or TREM-2 result
in a bone-fracture syndrome called Nasu-Hakola disease, further
suggesting that plexin-Al physiologically associates with the TREM/
DAP12 complex and that this interaction is relevant to these diseases.

Sema7A: a semaphorin invelved in inflammatory responses via T
cell-macrophage interactions

Sema7A, also known as CD108, is a membrane-associated glycosylpho-
sphatidylinositol-linked protein.*' In the immune system, Sema7A is
induced on activated T cells.”” Serma7A contains an arginine—glycine—
aspartate in its Sema domain that is a well-conserved integrin-binding
motif.™ Recombinant Sema7A protein stimulates monocytes/macro-
phages through o1B1 integrin, inducing proinflammatory cytokine pro-
duction.” Furthermore, Sema7A receptor usage in the immune system
is consistent with that in olfactory nerve outgrowth.™ Sema7A is also
involved in pathogenic immune responses. Sema7A-deficient mice are
resistant to inflammation, including hapten-induced contact hyper-
sensitivity and EAE.” In addition, Sema7A plays an important role
in the pathogenesis of bleomycin-induced pulmonary fibrosis by
regulating transforming growth factor-B signaling.*

NP-1: a class I1I semaphorin and vascular endothelial growth factor
receptor that is necessary to regulate immune responses and tumor
angiogenesis

As described above, NP-1 was originally identified as a cell surface
glycoprotein that functions as a class [II semaphorin receptor.” In
addition, NP-1is also a receptor for vascular endothelial growth factor
(VEGE) in both endothelial cells (ECs) and tumor cells.* In the immune
system, NP-1 is expressed in DCs and T cells,’” where it negatively
rvegulates immune responses. It is also noteworthy that NP-1 plays a
key role in tumor angiogenesis through interactions with VEGF.®®

NP-1 in CD47CD25% regulatory T cells. NP-1 has been shown to
help initiate primary imimune responses through homophilic interac-
tions at the contact sites between T cells and DCs.” In addition, NP-1
was identified as a specific marker for CD4"CD25" regulatory T cells
(Tregs).” Recently, one report suggested that NP-1 in Tregs contri-
butes to prolong contact between Tregs and DCs, resulting in the
inhibition of T-cell activation at steady state.”® These findings suggest
that NP-1 in Tregs exerts suppressive functions on Tregs, presumably
by mediating Treg stop signals on DCs.

NP-1 in effector T cells. Several lines of evidence suggest that
Sema3A/NP-1/plexin-A4 functions in the immune system.”>”*
Sema3A is expressed in T cells, while plexin-A4 is expressed in various
cells, including T cells, DCs and macrophages. Both NP-1-mutant T
cells, in which the Sema3A binding site is specifically disrupted, and
plexin-A4-deficient T cells, exhibit enhanced in vitro proliferation
after anti-CD3 antibody stimulation.”’ Moreover, plexin-A4-deficient
mice have enhanced T-cell priming and exacerbated T cell-mediated
immune responses such as EAE,”" implying that the Sema3A/NP-1/
plexin-A4 interactions are pathologically relevant.

NP-1 in tumor angiogenesis. Tumor progression and dissemination
depend not only on the intrinsic properties of cancer cells but also on
the tamor microenvironment.”> NP-1 is also expressed by various
kinds of human tumor-cell lines and neoplasms.”* Clinical studies
suggest that NP-1 plays a role in tumor growth and disease progression
due to mediating VEGF signals.”"® Recent studies have shown that
semaphorins are secreted from tumor cells as well as macrophages and
fibroblasts in the tumor microenvironment, thereby influencing can-
cers and their microenvironments. For instance, Sema3A is secreted
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from tumors or ECs and suppresses the adhesion and migration of
tumor cells and ECs by modulating integrin activities. In addition,
Sema3A can inhibit angiogenesis in vivo.”™® Similarly, Sema3F inhi-
bits cell spreading and migration in breast carcinoma, melanoma and
ECs, resulting in reduced metastatic dissemination. 7850 Burthermore,
since NP-1 is a receptor for both class III semaphorins and VEGF, class
[II semaphorins may function as antiangiogenic factors by competi-
tively interfering with VEGF receptors.®®

ROLE OF SEMAPHORINS !N IMMUNE CELL TRAFFICKING

[n the nervous and cardiovascular systems, semaphorin-plexin signal-
ing regulates cytoskeletal dynamics by activating GTPases, resulting in
the modulation of integrin-mediated cell adhesion and actomyosin
contractility.™ In this context, it is possible that semaphorins also
regulate immune cell trafficking using similar machinery. In addition,
it has recently emerged that several semaphorins are involved in
immune cell trafficking in both primary and secondary lymphoid
organs, although these findings are still preliminary.

Semaphorins in the thymus

The thymus is an organ that supports T-cell differentiation and selection,
where interactions with the thymic environment promote the dynamic
relocalization of developing lymphocytes.¥! The development of thymo-
cytes is regulated by chemokines, sphingosine-1-phosphates, adhesion
molecules and cell—cell interactions between thymocytes and thymic
epithelial cells or DCs.*' In addition, it has been shown that some
chemorepellent molecules, including semaphorins and ephrins, affect
thymocyte differentiation during their development.*

Sema3E, which interacts with plexin-D1 in an NP-1-independent
manner, was recently reported to participate in thymocyte develop-
ment.** Plexin-D1 expression is high in CD4*CD8" thymocytes
(double-positive, DP) but decreased in single-positive cells.
Furthermore, its ligand, Sema3E, is preferentially expressed in the
medulla rather than in the cortex. Sema3E binds to positively selected
CD69™ DP cells and inhibits their CCR9-mediated migration towards
corticomedullary junctions. Indeed, fetal liver cell wansfer using
plexin-D1-deficient embryos showed that CD69" DP thymocytes
are abundantly localized in the cortex and that the boundary of DP
and single-positive thymocytes at the corticomedullary junction is
disrupted. A similar phenotype was observed in Sema3E-deficient
mice, suggesting that the development of thymocytes within the
thymus is controlled by Sema3E/plexin-D1 signaling.

Semaphorins in immune cell migration

Class [T semaphorins. Sema3A is reported to inhibit immune cell
migration. The responsiveness of human monocytes and T cells to
chemokine gradients was inhibited by Sema3A.*** Interestingly, it
was also shown that the chemokine responsiveness of T cells was
enhanced when Sema3A proteins were applied against chemokine
gradients.*” Furthermore, this effect could not be abolished by inter-
fering with the expression of collapsing response-mediator protein
2,¥7 which mediates Sema3A-induced growth-cone guidance. These
observations not only indicate that neuron and leukocyte migration is
controfled by different molecular mechanisms but also imply that
Sema3A-mediated repulsive signals depend on both cell polarity and
the site of Sema3A action during immune cell migration.

Other semaphorins. Unlike soluble secreted class Il semaphorins, class
IV-VII semaphorins are transmembrane proteins that regulate immune
cell activities. It was previously reported that these semaphorins are also
involved in immune cell migration. For instance, recombinant soluble
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SemadD inhibits spontaneous and chemokine (monocyte chemotactic
protein-1)-induced human monocyte migration.*™ In addition,
Sema7A, which can stimulate monocytes/macrophages to produce
inflammatory cytokines through «1f1 integrin,” has been suggested
to function as an attractant for human monocytes.* Furthermore, a
viral semaphorin, A39R, which is a ligand for plexin-Cl, inhibits DC
integrin-mediated adhesion and chemokine (CCL3)-induced migration
through actin cytoskeletal rearrangement.”

Possible mechanisms of semaphorin-guided leukocyte migration.
Leukocytes must traffic in order to undergo chemokine-/integrin-
mediated adhesion and transmigration across ECs through cytoskele-
tal rearrangement. Recently, it was reported that migrating leukocytes
use both integrin-mediated signals and myosin [I-mediated actomyo-
sin contraction based on the environmental demands.”™* Although
the molecular mechanisms that control semaphorin-mediated
immune cell trafficking are still elusive, it is plausible that signaling
events are differentially used in immune cell movement in the context
of different environments and pathological situations.

In recent years, new devices such as time-lapse video imaging and
multiphoton microscopy have become powerful tools that can be used
to evaluate cell migration and cell—cell interactions. These new tech-
nologies will further elucidate how semaphorins and their receptors
regulate immune cell trafficking.

PERSPECTIVES

Accumulating evidence indicates that semaphorins and their receptors
have distinct biological activities in various phases of immune res-
ponses, from immune initiation to terminal inflammatory immune
responses. These semaphorins form a family of immunoregulatory
molecules that are called ‘immune semaphorins’. Consistent with their
proposed roles in immunity, they are pathologically involved in sev-
eral immune disorders, including autoimmune diseases, allergy and
congenital bone diseases. Semaphorins and their receptors are cru-
cially responsible for maintaining immunological homeostasis by
regulating and coordinating immune cell communication systems.
However, several important issues are still unresolved. First, although
semaphorins regulate cell motility and morphology through plexins in
the nervous system, it has not been fully elucidated how and to what
extent they are involved in the dynamics of immune cell movement,
particalarly “in vive’. Second, semaphorins have been shown to regu-
late immune cell responses through cell—cell interactions, but it is still
unclear how semaphorin-mediated signaling regulates the interface of
these cell-cell interactions. Future and ongeing studies using new
technologies will not only clarify the complete picture of these unique
families but also identify potential therapeutic targets that can be used
to treat several immune disorders.
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