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and the maiden name of the mother matched ex-
actly to the grandfathers’ surnames, substantially
increasing the confidence of the recovery. Coriell
also lists the ages (23) during sample collection
for these two pedigrees, which agreed with the
age differences of all tested cases with the iden-
tified family members. Using genealogical Web
sites, we traced the patrilineal lineage that con-
nects each identified genome through theMRCA
to the record originator in the genetic genealogy
database (Fig. 3). This analysis revealed that two
to seven meiosis events link the CEU genome to
the record source. Finally, we calculated that the
probability of finding random families in the Utah
population with these exact demographic charac-
teristics is less than 1 in 105 to 5 × 109 (13). In
total, surname inference breached the privacy of
nearly 50 individuals from these three pedigrees.

This study shows that data release, even of a
fewmarkers, from one person can spread through
deep genealogical ties and lead to the identifica-
tion of another person who might have no ac-
quaintance with the person who released his
genetic data. The propagation of information
through shared male lines amplifies the range
of identification, allowing ~135,000 records to
potentially target several million U.S. males. An-
other feature of this identification technique is
that it entirely relies on free, publicly available
resources. It can be completed end-to-end with
only computational tools and an Internet connec-
tion. The compatibility of our technique with pub-
lic record search engines makes it much easier to
continue identifying other data sets in the same
pedigree, including female genomes, once one
male target is identified. We envision that the
risk of surname inference will grow in the future.
Genetic genealogy enthusiasts add thousands
of records to these databases every month. In ad-
dition, the advent of third-generation sequencing
platforms with longer reads will enable even higher
coverage of Y-STRmarkers, further strengthening
the ability to link haplotypes and surnames.

Similar to other genetic privacy issues (24–30),
preventing surname inference from public whole-
genome data sets might be quite challenging.Mask-
ing Y-STRmarkers could limit the effectiveness of
the method presented in this study, but this ap-
proach is not sustainable (13). Our analysis sug-
gests that Y-STR haplotypes can be imputed back
from single-nucleotide polymorphisms (SNPs) on
the Y chromosome (Y-SNPs) when a large refer-
ence set ofmale genomeswill be available (fig. S6).
In addition, community efforts, such as the Y
Chromosome Genome Comparison, have already
started exploring the association between Y-SNPs
and surnames (table S1) and might allow bypass-
ing Y-STRmasking.We also posit that restricting
genetic genealogy information is not practical, as
some of the data are already scattered in multiple
end-user Web sites and genealogy mailing lists.

Existing policy tools, such as controlled-access
databases with data use agreements, maymediate
the exposure of genomic information to surname
inference. However, in our view, the appropriate

response to genetic privacy challenges is not for
the public to stop donating samples or for data
sharing to stop. These would be devastating re-
actions that could substantially hamper scientific
progress. Rather, we believe that establishing clear
policies for data sharing, educating participants
about the benefits and risks of genetic studies
(31), and the legislation of proper usage of genetic
information (32) are pivotal ingredients to sup-
port the genomic endeavor.
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GDE2 Promotes Neurogenesis by
Glycosylphosphatidylinositol-Anchor
Cleavage of RECK
Sungjin Park,1* Changhee Lee,1* Priyanka Sabharwal,1 Mei Zhang,1

Caren L. Freel Meyers,2 Shanthini Sockanathan1†

The six-transmembrane protein glycerophosphodiester phosphodiesterase 2 (GDE2) induces
spinal motor neuron differentiation by inhibiting Notch signaling in adjacent motor
neuron progenitors. GDE2 function requires activity of its extracellular domain that shares
homology with glycerophosphodiester phosphodiesterases (GDPDs). GDPDs metabolize
glycerophosphodiesters into glycerol-3-phosphate and corresponding alcohols, but whether
GDE2 inhibits Notch signaling by this mechanism is unclear. Here, we show that GDE2, unlike
classical GDPDs, cleaves glycosylphosphatidylinositol (GPI) anchors. GDE2 GDPD activity
inactivates the Notch activator RECK (reversion-inducing cysteine-rich protein with kazal
motifs) by releasing it from the membrane through GPI-anchor cleavage. RECK release
disinhibits ADAM (a disintegrin and metalloproteinase) protease-dependent shedding of
the Notch ligand Delta-like 1 (Dll1), leading to Notch inactivation. This study identifies a
previously unrecognized mechanism to initiate neurogenesis that involves GDE2-mediated surface
cleavage of GPI-anchored targets to inhibit Dll1-Notch signaling.

Thetransition from cellular proliferation to
differentiation is tightly controlled so as
to ensure appropriate numbers of distinct

cell types are formed and to prevent the deple-
tion or uncontrolled proliferation of progenitor
cells. Glycerophosphodiester phosphodiesterase 2
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(GDE2) is necessary and sufficient to induce dif-
ferentiation of spinalmotor neuron (MN) subtypes.
GDE2 acts non–cell-autonomously by inhibiting
Notch signaling in neighboring Oligodendrocyte
transcription factor 2 (Olig2+) MN progenitors
using extracellular glycerophosphodiester phos-
phodiesterase (GDPD) domain activity (1–4). Be-
cause Notch is activated by ligands Delta-like (Dll)
and Jagged (Jag) expressed in adjacent cells, we
tested whether GDE2 might target Dll1 and Jag1
function (3, 5). Jag1 and Dll1 are expressed in
nonoverlapping domains within the ventral spinal
cord, and genetic ablation of either ligand causes
domain-specific precocious neuronal differentia-
tion (fig. S1A) (5–7). Spinal cords of mice lacking
GDE2 (Gde2−/−) showed a specific loss of MNs
and V0 interneurons, no changes in the total num-
ber of V1 interneurons or V2 interneurons, but an
increase in the ratio of V2a:V2b interneurons
(Fig. 1, A to I) (3). These domain-specific deficits
correspond to regions of Dll1 expression and func-
tion, suggesting that GDE2 specifically targets
Dll1 but not Jag1 activity (fig. S1A).

Dll1 is inactivated through cleavage and re-
lease of its extracellular domain (ECD) by the
ADAM (a disintegrin and metalloproteinase)
metalloprotease family (5). To determine whether
GDE2 GDPD activity promotes Dll1 shedding,
we coelectroporated plasmids expressing GDE2
and C-terminal Flag-tagged Dll1 (Dll1-Flag) into
chick spinal cords and analyzed Dll1 processing
bymeans of protein immunoblotting. Overexpres-
sion of Dll1-Flag generated full-length Dll1 and
a processed 30-kD C-terminal fragment (CTF)
(Fig. 1J). Overexpression of GDE2 and Dll1-Flag
induced accumulation of a C-terminal 42-kDDll1
product (Dll1-42) that was not generated by co-
expression of the two-pass transmembraneGDPD
protein GDE1 (4, 8) or by catalytically inactive
GDE2 GDPD mutants (GDE2.APML) (Fig. 1J)
(3). A corresponding N-terminal Dll1 ECD frag-
ment was detected after overexpressing a double-
tagged version of Dll1 (Myc-Dll1-Flag) (fig. S2).
Fluorescence-activated cell sorting (FACS) anal-
ysis of Dll1 expression showed decreased Dll1
surface expression in MNs when GDE2 was over-
expressed in chick spinal cords and a correspond-
ing increase of endogenous Dll1 surface expression
in GFP+ MNs purified from HB9:GFP;Gde2−/−

animals (fig. S3) (9). Consistent with the Dll1-
specific function of GDE2, no changes in Jag1
expression (Jag1FL) or processing (Jag1CTF)
were detected in spinal cords overexpressingGDE2
or in spinal cords of Gde2−/− animals (Fig. 1, J
and K). These data indicate that GDE2 GDPD
activity stimulates Dll1 processing and decreases

the availability of cell-surface Dll1 in vivo. In ad-
dition to removing surfaceDll1 for Notch receptor
activation, the released Dll1 ECD is reported to
inhibit Notch signaling by a dominant-negative
activity (5); thus, Dll1 should function coopera-
tively with GDE2 to induce MN differentiation.
Indeed, overexpression ofGDE2withDll1 in chick
spinal cords enhanced the ability of GDE2 to in-
duce premature differentiation of ventricular zone
(VZ) progenitors into Isl2+ MNs (Fig. 1, L to N).

GDE2 did not induce Dll1-42 accumulation
when coexpressed with Dll1-Flag in heterolo-
gous human embryonic kidney (HEK) 293Tcells;
thus, GDE2-dependent processing of Dll1 is
likely indirect (fig. S1B). Overexpression of
ADAM10 and Dll1-Flag in chick spinal cords in-
duced formation of Dll1-42 and decreased surface
Dll1, suggesting that Dll1-42 may be generated
through ADAM metalloprotease activity (figs.
S3B and S4). Further, ADAM10 that was over-
expressed in chick spinal cords effectively cleaved
Dll1Dclv, which lacks a reportedADAM10 cleav-
age site mapped in vitro (10), suggesting that
Dll1-42 may be generated by ADAM proteolytic
activity through a separate cleavage site that is
preferentially used in vivo (fig. S4). Thus, GDE2
GDPD activity appears to stimulate ADAM-
dependent processing of Dll1 to Dll1-42, inducing
MN differentiation.

The GPI-anchored protein, reversion-inducing
cysteine-rich protein with kazal motifs (RECK),
activates Notch signaling in cortical progenitors
by directly inhibiting ADAM10-dependent Dll1
processing (11, 12). RECK mRNA is enriched in
VZ cells and overlaps with GDE2 expression in
newly differentiating MNs during neurogenesis
(fig. S5, A and B). Depletion of RECK in spinal
cords by twodifferent short hairpinRNAs (shRNAs)
(fig. S5, C and D) lowered Notch signaling as
assayed by reduced expression of downstream
Notch target genes Hes5 and Blbp (5) and the
induction of prematureMN differentiation in the
VZ (Fig. 2, A to L). Moreover, loss of RECK
specifically induced accumulation of Dll1-42 in
spinal cords but did not alter Jag1 expression and
processing to Jag1CTF (Fig. 2M). These phe-
notypes are similar to those caused by GDE2
overexpression and indicate that GDE2 GDPD
activity may promote Dll1 shedding by inactivat-
ing RECK (1–3).

To determine howGDE2GDPDactivitymight
inactivate RECK, we tested whether GDE2 ex-
hibits classical GDPD phospholipase-D (PLD)
catalysis in a coupled spectrophotometric assay
of GDPD function (Fig. 3, A and B) (13). Mem-
brane fractions of HEK293T cells transfected
with control GDE1 showedGDPD activity when
incubated with glycerophosphoserine (GPSerine),
or a cyclic glycerol-1,2-phosphate intermediate
(cyG[1,2]P) that is not substrate-specific and
formed byGDPD enzymes during their predicted
two-step catalytic mechanism (Fig. 3, A and B)
(14). However, GDE2 showed no GDPD activity
in either case (Fig. 3B). The GDPD domains of
the six-transmembraneGDEs (GDE2,GDE3, and

GDE6) are homologous to the catalytic X domain
of phosphatidyl-inositol phospholipase C (PI-
PLC). GDE3, unlikeGDE1, hydrolyzes GPinositol
through a PLC-type cleavage mechanism (15, 16).
Because exogenous bacterial PI-PLCs cleave and
release GPI-linked proteins frommembranes, we
tested whether GDE2 GDPD activity inactivates
RECK through GPI-anchor cleavage. We over-
expressed GDE2 and RECK in HEK293T cells
and assayed the culturemedium for cleavedRECK
ECDbymeans of protein immunoblotting. GDE2
and RECK coexpression released RECK into the
medium, as does treatment with PI-PLC, whereas
medium prepared from cells that were transfected
with vector alone, GDE1, or catalytically inactive
GDE2.APML contained little RECK (Fig. 3, C
and E). Repeated Triton X-114 extraction of me-
dium from cells overexpressing GDE2 and RECK
yielded RECK in hydrophilic fractions, ruling out
potential medium contamination by membrane-
bound RECK (Fig. 3D) (17). Further, sequential
expression of RECK and GDE2 released RECK
into the medium (fig. S6), suggesting that GDE2
acts on surface GPI-anchored RECK and does
not promote aberrant RECK discharge through
disruption of RECK synthesis, modification, or
transport. Consistent with inactivation of RECK
by GDE2 through cleavage of its GPI-anchor, en-
dogenous RECK processing examined by Triton
X-114 partitioning of cortical extracts showed re-
ducedRECK release inGde2−/− animals compared
with that of wild-type (WT) littermates (fig. S7).

To date, two vertebrate GPI-anchor cleaving en-
zymes have been identified that use phospholipase-
type cleavage mechanisms, GPI-PLD, and the
vertebrate homolog ofDrosophilaNotum (18, 19).
Notum failed to release RECK into the medium
of transfected HEK293Tcells, whereas GPI-PLD
led to effective RECK cleavage (fig. S8A). Anal-
ysis of surface biotinylated RECK in transfected
HEK293T cells showed that GDE2 activity re-
leases biotinylated RECK from the surface mem-
brane into the medium; in contrast, GPI-PLD did
not, suggesting that GPI-PLD cleavage of RECK
is intracellular and occurs within the endoplasmic
reticulum orGolgi (Fig. 3F). Taken together, these
observations indicate that GDE2-mediated release
of RECK occurs on the cell surface and is inde-
pendent from the function of known vertebrate
GPI-anchor–cleaving enzymes.

To define the mechanism of RECK release
byGDE2, we radiolabeled transfected HEK293T
cells and confirmed that the RECKECD released
into the medium by GDE2 expression contained
components of the GPI-anchor such as [3H] ino-
sitol or [3H] ethanolamine, whereas a secreted
version of RECK ECD (sRECK) that lacked the
GPI-anchor was poorly labeled under identical
conditions (Fig. 3G and fig. S8B) (20). Moreover,
cells overexpressing RECK in which the GPI-
anchor was replaced with the transmembrane
domain from the non–GPI-anchoredCD2 protein
failed to produce RECK in the medium in the pres-
ence of GDE2 (fig. S9, A and B) (21, 22). These
observations indicate that RECK release by
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GDE2 involves specific cleavage within the GPI-
anchor—a concept supported by the ability of
GDE2 to cleave other unrelated GPI-anchored
proteins, such as the glypicans GPC2 and GPC4

(fig. S10). PLD cleavage of theGPI-anchorwould
result in loss of a phosphate group from the phos-
phatidylinositol domain of released RECK when
compared with PLC cleavage mechanisms (Fig.

3G). Comparison of radiolabeled [32P] incorpo-
ration between RECK ECD generated by GDE2
or GPI-PLD expression normalized to [3H] ino-
sitol levels showed that RECK released byGDE2

Fig. 1. Stimulation of Dll1 shedding by GDE2. (A
to H) Coronal sections of embryonic day 13 (E13.5)
mouse spinal cords. Arrows mark V2b interneurons
(red). (I) Graph quantifying interneuron numbers
in WT and Gde2−/− mutants; mean T SEM, n = 4
embryos, two-tailed t test: V0, *P = 0.0016; V1, P =
0.4778; V2a, *P = 0.0028; V2b, *P = 0.0088. (J)
Western blots of extracts of chick spinal cords elec-
troporated with Dll1-Flag plasmid; in the top blot,
the open arrow indicates 30-kD Dll1 C-terminal
fragment, and the solid arrow indicates C-terminal
42-kD Dll1 product (Dll1-42). In the top middle blot,
the solid arrow (GDE2) indicates endogenous glyco-
sylated GDE2, and the bottom bands are hypoglyco-
sylated GDE2. (K) Western blot of Jag1 processing
(FL, full length; CTF, C-terminal fragment) and quan-
tification of Jag1 CTF/FL ratios from E12.5 embryonic
spinal cord extracts. (L to N) Close-up of electro-
porated chick spinal cords (right) shows increased
Isl2+ MNs (red) when Dll1 is coelectroporated with
GDE2. Arrows indicate midline. Scale bar, 20 mm.

Fig. 2. Effects of RECK ablation. (A to F) Notch target gene mRNAs are
reduced in HH stages 19/20 chick spinal cords electroporated with RECK
shRNAs but not control shRNAs (CshRNAs). (G to L) Olig2 expression (blue)
demarcates VZ of chick spinal cords electroporated (right) with control and
RECK shRNAs, showing Isl2+ MNs (red) that express neuronal Tuj1 (green)
when RECK is knocked down. Arrows indicate midline; doubleheaded
arrows indicate VZ. Scale bar, 20 mm. (M) Western blots of chick spinal
cords electroporated with Dll1-Flag plasmid and RECK shRNAs show RECK
knockdown stimulates Dll1-42 production (arrow), but Jag1 expression and
processing is unchanged. Shown is a graph quantifying Dll1-42 cleavage
fromWestern blots; mean T SEM. Two-tailed t test, n= 4 embryos; sh1RECK
*P = 0.0066; sh2RECK *P = 0.0175.
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Fig. 3. GDE2 cleaves RECK within the GPI-anchor.
(A) Schematic of two-step GDPD catalysis. (B) Graph
quantifying in vitro GDPD assay in transfected HEK293T
cells using glycerophosphoserine (GPSerine) and syn-
thetic cyclic glycerol[1,2] phosphate intermediate.
v, empty vector. (C to E) Western blots of transfected
HEK293T cell lysates (lys) and medium (med). (C)
RECK is detected in the medium when catalytically
active GDE2 is present. (D) After sequential Triton
X-114 extraction cleaved, RECK is observed in the De-
tergent (DT)–free hydrophilic phase, whereas Dll1,
which is not cleaved by GDE2, is retained in the
DT-rich hydrophobic phase of the lysate. (E) RECK
ECD is generated by GDE2 or PI-PLC activities. (F)
Western blot of lysates (lys) and medium (med) of
HEK293T cells transfected with RECK and C-terminal
Flag-tagged GDE2 or GPI-PLD. Surface RECK is la-
beled by biotin. GDE2 but not GPI-PLD releases
surface-biotinylated RECK into the medium (arrow).
Both GDE2 and GPI-PLD are visualized by anti-
bodies to Flag, but only GDE2 is labeled by biotin,
indicating that GDE2 is localized to the cell surface.
PI-PLC was added to intact cells and serves as a posi-
tive control. (G) Schematic of GPI-anchor (top) and
graph quantifying amount of radiolabel incorporated
into RECK or sRECK when GDE2 or PI-PLC is present
(bottom). Mean T SEM; n = 4 to 12 samples.

Fig. 4. GDE2 inactivates RECK through GPI-anchor cleavage. (A and B)
Graphs quantifying ratio of ectopic Isl2+ VZ MNs normalized to the number
of transfected GDE2 cells. Mean T SEM, two-tailed t test. (A) Suboptimal
levels of plasmids expressing RECKs/opt or RECK-CD2s/opt were coelectroporated
with GDE2. RECK-CD2 was more effective than was RECK in suppressing GDE2-
dependent MN generation. *P = 0.0306; n = 5 embryos. (B) Plasmids ex-
pressing RECK or sRECK were coelectroporated with GDE2; RECK effectively

suppressed GDE2 function, but sRECK did not (*P = 5.59 × 10−5; n = 8 to
10 embryos) as compared with GDE2. (C) Western blot of extracts of chick
spinal cords electroporated with Dll1-Flag and RECK shRNA targeting 3′ un-
translated region to detect full-length (FL) and processed Dll1-42. The pheno-
type is rescued by exogenous plasmids expressing WT RECK open reading
frame but not sRECK. Densitometric quantification of Dll1-42, mean T SEM,
n = 4 embryos. Two-tailed t test, *P = 0.013 compared with empty.
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contained higher ratios of [32P]:[3H] inositol than
when cleaved by GPI-PLD (table S1). This ob-
servation suggests that GDE2 release of RECK
does not use a similar mechanism to GPI-PLD.
Bacterial PI-PLC cleavage of GPI linkages creates
a distinct stable 1,2 cyclic inositol phosphate ring
(cyIno[1,2]P), which is recognized by antibodies
to cross-reacting determinant (CRD) (23,24).RECK
ECD generated from GDE2 overexpression did
not cross-react with antibodies to CRD (fig. S8C),
suggesting that GDE2 cleavage of GPI-anchors is
different to that of bacterial PI-PLC; however, this
observation is consistent with reports that mam-
malian PLC enzymes have different kinetics to
bacterial PI-PLCs and fail to generate stable cyclic
intermediates (25).

If GDE2 inactivates RECK to induce MN dif-
ferentiation, then overexpression of RECKmight
overcome GDE2 inhibition and suppress GDE2-
dependent induction of premature MN generation
in theVZ.We usedCre-lox techniques to generate
mosaic expression of GDE2 in Olig2+MN progen-
itors. This caused neighboring cells to differentiate
into Isl2+ MNs (3, 26). WT GPI-anchored RECK
overexpressed with GDE2 effectively suppressed
GDE2-dependent premature MN differentiation
(Fig. 4B and fig. S9, E and F). Overexpressed
RECK-CD2 more effectively suppressed GDE2
induction of MN differentiation than did equiva-
lent amounts of GPI-anchored RECK (Fig. 4A
and fig. S9, C andD), further indicating that GDE2
inactivates RECK to induce MN differentiation
through cleavage of the GPI-anchor.

RECK ECD generated after GPI-anchor cleav-
age should be inactive and fail to maintain Olig2+

MN progenitors through Notch activation. How-
ever, soluble versions of RECK that lack the
GPI-anchor are active in other systems, suggest-
ing that the activity of cleaved RECK is context-
dependent (11). Using similar Cre-lox approaches,
we compared the effects ofWTRECKand sRECK
to inhibit GDE2-dependent MN generation in
electroporated chick spinal cords. Overexpression
of WT RECK with GDE2 suppressed GDE2-
dependent premature differentiation of MNs
(Fig. 4B and fig. S9F); in contrast, sRECK failed
to suppress GDE2 activity (Fig. 4B and fig. S9G).
WT RECK was sufficient to prevent increased
Dll1 shedding resulting from ablation of endog-
enous RECK by shRNAs, whereas sRECK had
no effect (Fig. 4C). These observations suggest
that RECKECD fails to inhibit Dll1 shedding and
imply that GDE2 GDPD-dependent cleavage of
RECK clears active RECK from the membrane.

Our data suggest a model in which GDE2 pro-
motesMNdifferentiation by inactivating surface-
bound RECK through GPI-anchor cleavage, thus
allowingADAMprotein function (fig. S11). GDE2
cleaves GPI-anchored proteins at the cell surface
in multiple in vitro and in vivo contexts that are
independent of known GPI-anchor–cleaving en-
zymes. These observations support direct modes
of cleavage, an activity shared by its family mem-
bersGDE3 andGDE6 (fig. S10) (4); nevertheless,
it remains possible that their function could in-

volve stimulation of unidentified cleaving en-
zymes. GPI-anchored proteins are key regulators
of signaling pathways that control diverse bio-
logical processes in the developing and adult
organism (27, 28). Understanding how these
pathways are regulated throughGPI-anchor cleav-
age in normal and diseased states might be gained
by further analysis of six-transmembrane GDE
GDPD protein expression, transport, and activity.
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Interstitial Dendritic Cell Guidance by
Haptotactic Chemokine Gradients
Michele Weber,1 Robert Hauschild,1 Jan Schwarz,1 Christine Moussion,1 Ingrid de Vries,1

Daniel F. Legler,2 Sanjiv A. Luther,3 Tobias Bollenbach,1 Michael Sixt1*

Directional guidance of cells via gradients of chemokines is considered crucial for embryonic
development, cancer dissemination, and immune responses. Nevertheless, the concept still lacks
direct experimental confirmation in vivo. Here, we identify endogenous gradients of the chemokine
CCL21 within mouse skin and show that they guide dendritic cells toward lymphatic vessels.
Quantitative imaging reveals depots of CCL21 within lymphatic endothelial cells and steeply
decaying gradients within the perilymphatic interstitium. These gradients match the migratory patterns
of the dendritic cells, which directionally approach vessels from a distance of up to 90-micrometers.
Interstitial CCL21 is immobilized to heparan sulfates, and its experimental delocalization or swamping
the endogenous gradients abolishes directed migration. These findings functionally establish the
concept of haptotaxis, directed migration along immobilized gradients, in tissues.

Several guidance cues operate in verte-
brates, with the most prominent group be-
ing chemokines. In vitro, many chemokines

induce directional cell migration when offered
as gradients. However, the best established in vivo
example of chemokine function does not rely
on gradients: During extravasation from the blood
stream, chemokines immobilized on the luminal
surface of blood vessels (1–3) trigger the local
arrest of leukocytes, which precedes their exit

into the tissue (4). Less is known about how
chemokines act beyond the endothelium (5), and,
especially within lymphatic organs, chemokines
seem to rather cause random motility than di-
rectional responses (5). The sparse body of exist-
ing evidence for directional guidance is largely
inferred from the migratory trajectories of cells
without information on actual chemokine dis-
tribution (6–8). Only two studies visualized che-
mokine gradients in parenchymal organs (9, 10),
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