PRIZE WINNERS 2019

Werner Risau Prize
Multiple roles of lymphatic vessels in
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The mammalian lymphatic system consists of strategically
located lymph nodes (LNs) embedded into a lymphatic vascular
network. Lymphatic capillaries take up interstitial fluid, antigens
and antigen-presenting cells, and collecting vessels transport
lymph to LNs. Afferent collecting lymphatics deliver lymph to the
LN subcapsular sinus (SCS) through a fibrous capsule surrounding these organs. From the SCS, lymph reaches trabecular and
medullary lymphatic sinuses and exits via the efferent collecting
vessels. Such organization is important for intranodal migration
of dendritic cells (Ulvmar et al., 2014), filtration of small versus
large molecular weight components (Rantakari et al., 2015) and
immune tolerance (Cohen et al., 2010; Lund et al., 2012; Tewalt
et al., 2012). However, mechanisms underlying development of
this highly organized system are not fully understood.
Pioneering studies on LN organogenesis have identified key roles
for hematopoietic lymphoid tissue inducer (LTi) and stromal lymphoid tissue organizer (LTo) cells, proposing a model where LNs
are initiated after CXCR5+ pre-LTi cell egress to specific locations
from blood vessels in response to LTo cell-derived CXCL13 (Ansel
et al., 2000; Brendolan and Caamano, 2012; Luther et al., 2003;
Mebius et al., 2001; Ohl et al., 2003; Pavert and Mebius, 2010;
van de Pavert et al., 2009; Yoshida et al., 2001). Clustering and
crosstalk of lymphotoxin-α1β2 (LTαβ)+ LTi and lymphotoxin ß
receptor (LTßR)+ LTo cells result in further signal amplification,
leading to LTi cell maturation and accumulation. Recently, the
role of lymphatic and blood vessels in LN initiation and development have been under debate (Onder et al., 2017; Vondenhoff et
al., 2009b), and the mechanisms of LN capsule and SCS formation still remain enigmatic.
To understand how lymphatic vessels participate in LN development and how the SCS forms, we first analyzed embryonic inguinal LNs (iLNs) at different stages using whole-mount imaging
(Fig. 1). At E15.5, single extravascular CD4+ LTi cells and aggregates accumulated at bifurcations of the inguinal blood vessels,
beneath the subepigastric vein/artery and above lymphatic
vessels (Fig. 1, A and B). At E16.5, the lymphatic vessel beneath
the LN anlage expanded and formed a shallow disk (Fig. 1B).
The disk progressively enlarged in a coordinated double-lymphatic endothelial cell (LEC) layer, forming a cup-like structure
growing around CD4+ LTi cell area and almost fully engulfed it
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Figure 1. Lymphatic vessel remodeling, SMC recruitment and deposition
of basement membrane during LN development.
(A) LTi cells accumulate between lymphatic vessels and the subepigastric vein. Whole-mount and frontal view (10-µm) of iLN; CD4 (green),
VEGFR3 (white) and αSMA (red). Arrowhead, artery; arrow, vein.
E15.5 n = 6. Scale bar, 50 µm. (B) Lymphatic remodeling during iLN
development. Whole-mount and frontal views (10-µm); PROX1 (red)
and CD4 (green). E15.5 n = 4; E16.5 n = 5; E18.5-E19.0 n = 6; E20.0
n = 3. Scale bar, 50 µm. (C) SMCs surround iLN. Whole-mount; αSMA
(red) and CD4 (green). Arrowheads, LN SMCs. E18.5 n = 3. Scale bar,
50 µm. (C’) Transverse and frontal views (1-µm) of C, LYVE1 (white).
Scale bar, 50 µm. (D) Extracellular matrix deposition around iLN.
Whole-mount 10-µm transverse view; collagen IV (red), PROX1 (blue)
and CD4 (green). Right panel: high-magnification image. E18.5 n = 3.
Scale bars, 50 µm and 30 µm. (E) LN capsule expansion steps. Artery
and blood capillaries inside the LN are not shown.

by E20-E20.5 (Fig. 1, B-D). At E18.5, smooth muscle cells (SMCs)
were associated with the exterior LN LECs and closely followed
the expanding LEC sheet (Fig. 1, C and C’), indicating coordinated formation of the LN capsule. Staining for collagen IV also
revealed increased extracellular matrix deposition around the
LN capsule (Fig. 1D). These data demonstrated that the growing
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Figure 2. Blood and lymphatic vessels contribute to early
LN development.
(A) Skin areas analyzed. 1, axillary area; 2, inguinal area. (B) Laminin α5 is not produced by veins at E15.0. Whole-mount; endomucin
(green) and laminin α5 (red). v, vein; a, artery; arrowheads, vein.
E15.0 n = 4 and E16.5 n = 3. Scale bar, 50 µm. (C) Differential venous
SMC coverage in axillary vs inguinal areas at E15.0 but not at E18.5.
Whole-mount; αSMA (red) and laminin α5 (green). v, vein; a, artery;
arrowheads, SMC gaps on the vein. Scale bar, 50 µm. E15.0 n = 5 and
E18.5 n = 3. (D) Low venous SMC coverage in E15.0 iLN region. Wholemount; CD4 (green), αSMA (red) and endomucin (white). Arrowheads,
SMC-low gaps. E15.0 n = 3. Scale bar, 50 µm. (E) Quantification of
venous SMC coverage in iLN vs axillary area. E15.0 n = 3. *P < 0.05. (F)
LTi cells in αSMA-low areas. Whole-mount of subepigastric vein (1µm); CD4 (green), αSMA (red) and endomucin (white). (F’) High-magnification of F. Arrowhead, LTi cell in SMC-low space. E15.0 n = 3. Scale
bars, 20 µm and 15 µm. (G) Increased LN size in Pdgfbret/ret embryos.

Whole-mount iLN (1-µm); CD4 (green), endomucin (white) and αSMA
(red). Scale bar, 50 µm. (H) Quantification of E17.5 Pdgfbret/+ and
Pdgfbret/ret iLN volume. Pdgfbret/+ n = 3; Pdgfbret/ret n = 4. *P < 0.05. (I) iLN
anlagen of embryos treated with control or VEGFR3-blocking antibody.
Whole-mount iLN; VEGFR3 (green), αSMA (red) and CD4 (white). E15.5
n = 4 per treatment. Scale bar, 50 µm. (I’) High-magnification view
of I (1-µm). Arrowheads, LTi cells in SMC-low gaps of the vein at iLN
site. Scale bar, 20 µm. (J) LTi cells in blood capillaries. Whole-mount
skin; CD4 (green), collagen IV (red) and PECAM1 (white). E15.0 n = 4.
Scale bar, 50 µm. (J’) High-magnification view of J (1-µm). Scale bar,
15 µm. (K) LTi cells in capillaries. Whole-mount skin; VEGFR3 (green),
αSMA (red) and CD4 (white). Arrowhead, intralymphatic LTi cell. E15.5
n = 4. Scale bar, 70 µm. (K’) High-magnification of 1-µm transverse
(upper) and frontal (lower) views of the area outlined in K. Scale bar,
10 µm. (L) LTi cells in collecting vessels. Whole-mount of skin; VEGFR3
(green), αSMA (red) and CD4 (white). E15.5 n = 4. Scale bar, 70 µm.
(L’) High-magnification of L (1-µm). Arrowhead, intralymphatic LTi cell.
Scale bar, 10 µm. All quantifications, 2-tailed unpaired Student’s t test.

LN induces a coordinated remodeling and expansion of adjacent
lymphatic vessels to form the LN anlage (Fig. 1E).
We then assessed if blood vessels, lymphatic vessels or both,
played a role in LN initiation. To characterize the LN initiation
process in more detail we first visualized the localization of
CD4+ LTi cells and blood vessels at different development stages
by staining for αSMA, the venous marker endomucin and the
basement membrane component laminin α5. We observed significantly higher SMC coverage of the subepigastric vein at the
iLN site at E16.5 in comparison to E15.0 (Fig. 2, A-C). At E15.0,
only arteries produced laminin α5 (Fig. 2B). We also observed a
strikingly different SMC coverage of the subepigastric vein along
the anterior-posterior axis: the vein in the axillary region had a
continuous SMC layer, but SMCs at the venous bifurcation in the
iLN area were so sparse that it was difficult to detect the vein
contour (Fig. 2, C-E). In contrast, we observed high laminin α5
deposition and complete venous SMC coverage in both locations
after E16.5 (Fig. 2, B and C). Importantly, at E15 we observed LTi
cell trafficking in SMC-low gaps in the venous EC layer (Fig. 2,
F and F’). These results suggested that LTi cells egress from the
vein in the immature inguinal area to induce LN initiation.
To test if reduced SMC coverage would modify LTi cell migra-

tion into the inguinal anlage, we analyzed Pdgfbret/ret embryos,
which have low perivascular Pdgfß and reduced recruitment of
mural cells to blood vessels (Lindblom et al., 2003). iLNs were
significantly bigger in Pdgfbret/ret embryos in comparison to
the controls, indicating that SMC coverage of blood vessels is
an important factor regulating LN development (Fig. 2, G-H).
These results support the notion that during LN initiation preLTi cells egress at LN development sites using gaps in venous
mural coverage. Then, to test if lymphatic vessels play a role in
LN initiation, we blocked lymphangiogenesis by administering
VEGFR3-blocking antibodies. The treatment severely diminished
dermal lymphatics (Fig. 2I). However, prominent, albeit reduced
LTi cell accumulation was still observed in LN anlagen in the
absence of associated lymphatic vessels (Fig. 2I, LN volume
(103 µm3): control IgG: 319.2 ± 115.9; VEGFR3-blocking IgG
79.2 ± 25.5; p = 0.0272). Furthermore, we readily visualized LTi
cells in SMC-low gaps in the vein both in control and VEGFR3
IgG-treated embryos (Fig. 2I’). We next monitored the global
distribution of CD4+ LTi cells in the embryonic skin. We observed
CD4+ cells associated with the upper dermis blood vascular
plexus (Fig. 2, J and J’). Isolated CD4+ cells and clusters were frequently present at E15.5 in lymphatic capillaries and in afferent
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and efferent LN collecting vessels (Fig. 2, K-L). Our data corroborate the lymphatic vessel-independent LN initiation model
for the iLN (Vondenhoff et al., 2009b). However, in agreement
with Onder et al., they show that a reservoir of disseminated LTi
cells critically contributes to LN expansion. These results unify
the previous models and further suggest that the SMC coverage
in part defines the site and the time of pre-LTi cell egress from
veins.
To further confirm that LTi cell uptake and transport by lymphatic vessels and capsule is essential for LN development, we
analyzed signaling molecules involved in LTi cell trafficking.
In adults, CCR7 drives migration of DCs and T cells towards
and inside of CCL21+ initial lymphatics (Bromley et al., 2005;
Debes et al., 2005; Ohl et al., 2004; Russo et al., 2016). As LTi
cells express functional CCR7 (Honda et al., 2001), we analyzed
iLN development in Ccr7-/- mice. Ccr7-/- iLNs were smaller and
we observed almost no intralymphatic LTi cell clusters (Fig. 3,
A-D). Meanwhile, the extravascular CD4+ LTi cell fraction was
increased (Fig. 3D). Therefore, in addition to the role of CCL21
in LTi cell retention at LN site (Onder et al., 2017), CCL21+ initial
lymphatics attract and collect disseminated LTi cells. The dynamic equilibrium between arriving, retained and departing LTi cells
thus defines the iLN size. To study whether defective retention
of LTi cells shifts the balance towards LTi cell accumulation in
lymphatic vessels, we analyzed Cxcr5-/- embryos. Loss of CXCR5+
LTi cell attraction by CXCL13+ LTo cells prevents formation of

Figure 3. Embryonic lymphatics transport LTi cells.
(A) Smaller iLNs in Ccr7-/- embryos. Whole-mount iLN; VEGFR3 (red)
and CD4 (green). E18.5 n = 3 per genotype. Scale bar, 50 µm. (B)
Quantification of iLN size in WT and Ccr7-/- embryos. E18.5 n = 3 per
genotype; *P < 0.05. (C) Quantification of intralymphatic CD4+ clusters.
E18.5 n = 6 per genotype; *P < 0.05. (D) Percentage of extravascular CD4+ cells in WT and Ccr7-/- skin. E18.5 n = 6 per genotype; *P <
0.05. (E) Absence of cup-like lymphatic structures in Cxcr5-/- embryos.
Whole-mount iLN; VEGFR3 (red) and CD4 (green). (E’) 10-µm frontal
section. Arrowhead, lymphatic valve. E19.0 n = 3 per genotype. Scale
bar, 50 µm. (F) CD4+ inguinal cluster size in WT and Cxcr5-/- mice. E19.0
n = 4 per genotype; *P < 0.05. (G) Quantification of intralymphatic
CD4+ clusters in WT and Cxcr5-/- E19.0 skin. WT n = 3, Cxcr5-/- n = 4;
*P < 0.05. (H) Quantification of isolated CD4+ cells in WT and Cxcr5-/E19.0 skin. n = 3 per genotype; *P < 0.05. All quantifications, 2-tailed
unpaired Student’s t test.
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Figure 4. Impaired collecting vessel development disrupts
LN LEC specification and capsule formation.
(A) Increased LEC capillary markers in Foxc2lecKO mice. Whole-mount
skin; CCL21 (red) and LYVE1 (white). Scale bar, 100 µm. E18.5 n = 2
per genotype. Similar expression pattern was observed at E20.5 (WT n
= 1; Foxc2lecKO n = 3). (B) Impaired LN capsule organization in Foxc2lecKO embryos. Whole-mount iLN area; CD4 (green) and VEGFR3 (red).
Arrowhead, mesh-like lymphatic capsule. E19.0 n = 3 per genotype.
Scale bar, 50 µm. (C) Loss of fLEC ITGA2B expression in Foxc2lecKO mice.
Staining of E18.5 iLN for ITGA2B (green) and LYVE1 (red). Lower panels:
high-magnification images. White arrowhead, cLECs; yellow arrowhead,
fLECs; pink arrowheads, Foxc2lecKO unspecified LECs. WT n = 3; Foxc2lecKO
n = 5. Scale bars, 50 µm and 20 µm. (D) Reduced CCRL1 expression in
Foxc2lecKO LN. Staining of E20.5 axillary LN for LYVE1 (green), CCRL1
(red), PROX1 (white) and DAPI (blue). Lower panels: high-magnification
images. White arrowhead, LYVE1low CCRL1high LECs; yellow arrowheads,
LYVE1high CCRL1neg LECs. WT n = 4; Foxc2lecKO n = 3. Scale bars, 50 µm
and 10 µm. (E) Loss of polarized MADCAM1 in iLN LECs of Foxc2lecKO
mice. Staining for LYVE1 (green), MADCAM1 (red) and DAPI (blue).
Lower panels: high-magnification images. White arrowhead, LYVE1low
MADCAM1neg LECs; yellow arrowheads, LYVE1high MADCAM1high LECs.
E18.5-E20.5 WT n = 4 and Foxc2lecKO n = 3. Scale bars, 50 µm and 25
µm. (F) Mislocalized SMC coverage on Foxc2lecKO iLN lymphatics. Wholemount iLN (10-µm); CD4 (green), αSMA (red) and LYVE1 (white). (F’)
Transverse (upper) and frontal (lower) views (10-µm) of F. Arrowheads,
ectopic SMCs. E18.5 WT n = 3; Foxc2lecKO n = 4. Scale bar, 50 µm.
(G) Reduced number and mislocalization of CD169+ macrophages in
Foxc2lecKO mice. Whole-mount iLN; CD169 (white) and DAPI (blue).
Lower panels: 10-µm frontal views. Arrowheads, CD169+ macrophages.
E18.5-E19.0 WT n = 5; Foxc2lecKO n = 4. Scale bar, 70 µm.

most peripheral LNs, including iLN (Ansel et al., 2000; Förster
et al., 1996; Ohl et al., 2003) and Fig. 3, E, E’ and F). Lymphatic
vessels at the presumptive Cxcr5-/- iLN site did not develop the
characteristic lymphatic “cup” found in wildtype mice but maintained a collecting vessel phenotype (Fig. 3, E and E’), further
confirming the driving role of LN anlagen in LN capsule and SCS
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network (Fig. 3G). Furthermore, the number of isolated CD4+ cell
in the skin interstitium was increased (Fig. 3H). Our results thus
show that extravascular LTi cell accumulation is a pre-requisite
for the induction of lymphatic vessel remodeling and LN capsule
formation.

Figure 5. Impaired LN expansion and trafficking of LTi cells in
Foxc2 lecKO mice.
(A) iLN size in WT and Foxc2lecKO embryos. E16.5, n = 4 and 3;
E18.5-E19.0, n = 9 and 12; E20.0 n = 3 and 3 for WT and Foxc2lecKO
genotypes, respectively. ns, not significant; *P < 0.05. (B) Impaired
axillary LN development in E20.5 Foxc2lecKO embryos. Staining for LYVE1
(green), PROX1 (red) and CD4 (white). Asterisk, swollen LN lymphatics
in Foxc2lecKO mice. n = 2 per genotype. Scale bar, 100 µm. (C) Impaired
mesenteric LN development in E18.5 Foxc2lecKO embryos. Staining for
CD4 (green) and PROX1 (white), 10-µm transverse sections. n = 4
per genotype. Scale bar, 200 µm. (D) Normal development of Peyer’s
patches (PPs) in E19.0 Foxc2lecKO embryos. Whole-mount staining for
CD4 (green) and LYVE1 (red). Arrowheads, sprouting LECs. WT n = 4;
Foxc2lecKO n = 3. Scale bar, 50 µm. (E) Quantification of E18.5 PP size.
WT n = 6; Foxc2lecKO n = 4; ns, not significant. (F) Quantification of
E18.5 PP number. WT n = 9; Foxc2lecKO n = 5; ns, not significant. (G)
Increased isolated CD4+ LTi cells in Foxc2lecKO dermis and lymphatic
vessels. Whole-mount E18.5 skin; CD4 (green) and PROX1 (red). Pink
arrowheads, intralymphatic CD4 cells; white arrowheads, extravascular
CD4 cells. WT n = 3; Foxc2lecKO n = 4. Scale bar, 50 µm. (H) Quantification of isolated extra- and intra-lymphatic CD4+ cells in E18.5-E19.0
WT and Foxc2lecKO embryos. WT n = 6 and Foxc2lecKO n = 7. *P < 0.05. (I)
Intralymphatic CD4+ clusters in skin of Foxc2lecKO embryo. Whole-mount
staining for CD4 (green) and PROX1 (red). E19.0 WT n = 3; Foxc2lecKO
n = 4. Scale bar, 50 µm. (J) Quantification of intralymphatic CD4+
clusters in skin of E18.5-19.0 WT (n = 9) and Foxc2lecKO (n = 10) mice.
*P < 0.05. (K) CD4+ intralymphatic cluster size in E18.5-E19.0 skin of
WT (n = 9) or Foxc2lecKO (n = 10) embryos. *P < 0.05. All quantifications,
2-tailed unpaired Student’s t test.

development. Strikingly, lymphatic vessels of Cxcr5-/- mice were
filled with intralymphatic CD4+ clusters (Fig. 3G). Such clusters
were biggest at the presumptive iLN site, but smaller clusters
were also disseminated throughout the lymphatic vascular

Next, we asked whether disruption of collecting vessel specialization in late embryogenesis affects LN development. In Foxc2-/mice primary lymphatic capillary plexus fails to remodel into
collecting vessels (Norrmén et al., 2009; Petrova et al., 2004).
We analyzed LN development in Foxc2f/f; Prox1-CreERT2 (Foxc2lecKO) mice with LEC-specific loss of FOXC2. As described previously (Sabine et al., 2015), Foxc2lecKO embryos had a complete
arrest of collecting vessel development, as determined by the
absence of valves and expression of capillary markers LYVE1 and
CCL21 in all LECs (Fig. 4A). In parallel with the failed collecting
vessel maturation, formation of the LN capsule was severely
disrupted: instead of a continuous lymphatic “cup”, the Foxc2lecKO
iLN anlage was surrounded by a mesh-like vasculature, only
partially enclosing the LN (Fig. 4B). In the adult LN, SCS contains
distinct populations of LECs, “ceiling” (cLECs) and “floor” (fLEC)
LECs (Ulvmar et al., 2014). Only cLECs produce the chemokine
receptor CCRL1 while fLECs express LYVE1, ITGA2B and MadCAM1 (Cohen et al., 2010; Cordeiro et al., 2016; Ulvmar et al.,
2014). In embryonic LNs, we identified the same expression
pattern, suggesting that specialization of SCS LECs is established
prenatally (Fig. 4, C-E). Impaired lymphatic vessel maturation,
however, led to a loss of capsule organization. LN LECs in Foxc2lecKO mice failed to express SCS LEC markers ITGA2B or CCRL1,
whereas LYVE1 and MadCAM1 were uniformly high (Fig. 4, C-E).
Moreover, mislocalized SMCs encircled the LN lymphatic vessels
(Fig. 4, F and F’). Finally, in adult LNs, the CD169+ macrophages
inserted into the SCS fLEC layer prevent dissemination of pathogens and deliver antigens to adjacent B cells (Carrasco and Batista, 2007; Junt et al., 2007; Phan et al., 2007). Surprisingly, we
observed CD169+ macrophages at the bottom of wildtype E18.5
iLN anlagen, close to the lymphatic capsule (Fig. 4G). However,
in Foxc2lecKO mice, the number of macrophages was reduced and
they were dispersed throughout the LN (Fig. 4G). These results
demonstrate that FOXC2 ensures both collecting vessel maturation and pre-natal LN LEC capsule specialization.
From E18.5 onwards the Foxc2lecKO iLNs were significantly smaller
than controls (Fig. 5A). Organization of axillary and mesenteric
LNs was also perturbed, but the formation of non-encapsulated
Peyer’s patches was not affected (Fig. 5, B-F). We next investigated the reason for the reduced Foxc2lecKO LN size. We observed
accumulation of intra- and extra- vascular CD4+ cells and large
intralymphatic clusters both in the vicinity of LN anlagen and
throughout the dermal lymphatic vessels of Foxc2lecKO mice (Fig
5, G-K). These results demonstrate that collecting vessel maturation is essential for LN capsule formation, SCS specialization
and further LN expansion. We then compared the expression
of chemokines (Cxcl13, Ccl21 and Ccl19), LTi (Lta and Ltb) and
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Figure 6. Reduced Cxcl13 in iLN of Foxc2 lecKO mice.
(A-B) Confirmation of Foxc2 deletion at E18.5 in Foxc2lecKO model
(A) and Cxcl13 mRNA selective reduction in E18.5 Foxc2lecKO iLNs
(B). RT-qPCR for the indicated genes in iLNs and skins. WT n = 3-6,
Foxc2lecKO n = 2-5; *P < 0.05. (C) Comparable VCAM1 levels in E18.5
WT and Foxc2lecKO embryos. Whole-mount iLN (5-µm) for CD4 (green),
VCAM1 (red) and LYVE1 (white). E18.5 WT n = 3, Foxc2lecKO n = 4. Scale
bar, 50 µm. (D) Quantification of VCAM1 intensity. E18.5 WT n = 3,
Foxc2lecKO n = 4; ns, not significant. (E) Reduced CXCL13 levels in Foxc2lecKO iLNs. Whole-mount iLN (1-µm); CD4 (green), CXCL13 (red) and
LYVE1 (white). E18.5 WT n = 3 and Foxc2lecKO n = 4. Scale bar, 50 µm.
(F) Quantification of CXCL13 intensity. E18.5 WT n = 3 and Foxc2lecKO n
= 4; *P < 0.05. All quantifications, 2-tailed unpaired Student’s t test.

LTo (LtbR and Vcam1) cell markers in Foxc2lecKO or wildtype iLNs.
Only Cxcl13 mRNA was significantly decreased in the absence of
FOXC2 (Fig. 6, A-B). On the protein level CXCL13 but not VCAM1
was reduced in Foxc2lecKO iLNs (Fig. 6, C-F). These results show
that lymphatic vessel specialization is important for stromal
CXCL13 expression and LN expansion.
Mechanistically, we then reasoned that LTβR signaling, supplied
by LTαβ+ LTi cells (Vondenhoff et al., 2009a), may be necessary
but not sufficient to fully activate Cxcl13 expression in LTo cells.
By absorbing plasma leaking from blood capillaries, lymphatic
vessels generate interstitial fluid flow (IFF), which has important morphogenetic functions (Starling, 1896; Wiig and Swartz,
2012). We reasoned that engulfment of LN anlagen by growing
LN capsule creates high IFF, from the moment when embryonic
maturing lymphatics initiate directional lymph transport. To analyze whether IFF affects Cxcl13 expression in vitro, we cultured
mouse embryonic fibroblasts (MEFs) in 3D in the presence or absence of LTβR-activating antibody in static or IFF conditions (Fig.
7A). As expected from previous work (Chambliss et al., 2013),
IFF induced formation of actin stress fibers indicating cytoskeleton reorganization (Fig. 7B). Most importantly, IFF potentiated
the production of Cxcl13 mRNA in response to LTβR activation
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Figure 7. Interstitial fluid flow potentiates Cxcl13 induction in response
to LTß signaling.
(A) MEFs were cultured in the left central channel of microfluidic
device. Transfer of medium from one to the other side of the device
creates a hydrostatic pressure gradient and interstitial fluid flow (IFF).
(B) IFF induces actin stress fibers in MEFs. DAPI (blue) and F-actin
(green). n = 2. Scale bar, 100 µm. (C) IFF potentiates Cxcl13 expression
in response to LTß signaling. RT-qPCR analysis of the indicated genes
after 48 hours of IFF. Cxcl13 n = 6; LtbR, Vcam1, Rankl n = 4; 1-way
ANOVA test with Tukey post-hoc test; *P < 0.05. (D) Reduced interstitial
FITC-dextran transport in E18.5 Foxc2lecKO embryos. Arrowheads, FITCdextran-filled lymphatics; asterisks, injection site. Scale bar, 2.5 mm. (E)
FITC-dextran lymphatic uptake in WT and Foxc2lecKO mice. E18.5 n = 14
per genotype. 2-tailed unpaired Student’s t test; *P < 0.05.

(Fig. 7C). To study IFF in vivo, we microinjected FITC-dextran in
the forelimb interstitium of E18.5 control or Foxc2lecKO embryos. Wildtype lymphatic vessels readily drained the dye but
transport into lymphatic vessels of Foxc2lecKO mice was strongly
reduced (Fig. 7, D and E). These results suggest that in addition
to their role in LTi cell transport, perinodal lymphatics promote
IFF, which cooperates with LTβR signaling to induce CXCL13 in
fibroblastic LTo cells and thereby enhances LTi cell retention in
the LN anlage (Fig. 8).
In this study, we propose that LTi cells initially transmigrate from
veins at LN development sites using gaps in venous mural cell
coverage. This process is independent of lymphatic vasculature,
but lymphatic vessels are indispensable for the transport of LTi
cells that egress from blood capillaries and serve as an essential
LN expansion reservoir. At later stages, lymphatic collecting
vessels ensure efficient LTi cell transport and formation of the
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Figure 8. Lymphatic vessels in LN development.
LTi cells extravasate from the immature vein to initiate LN formation.
At the same time, lymphatic vessels take up disseminated LTi cells, extravasating from blood capillaries elsewhere, and transport them to the
LN anlage. Later, collecting vessels efficiently transport LTi cells to LNs
and participate in their expansion. Collecting vessels reorganize into a
LN capsule, which engulfs the LN anlage. LN lymphatic fluid absorption
from blood vessels generates IFF, which increases CXCL13 expression,
improving LTi cell retention.

LN capsule and subcapsular sinus. Perinodal lymphatics also
promote local interstitial flow, which cooperates with lymphotoxin-β signaling to amplify stromal CXCL13 production and
thereby promote LTi cell retention and LN organogenesis.
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