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Development and plasticity of meningeal lymphatic vessels
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The recent discovery of meningeal lymphatic vessels (LVs) has raised interest in their possible involvement in neuropathological
processes, yet little is known about their development or maintenance. We show here that meningeal LVs develop postnatally,
appearing first around the foramina in the basal parts of the skull and spinal canal, sprouting along the blood vessels and
cranial and spinal nerves to various parts of the meninges surrounding the central nervous system (CNS). VEGF-C, expressed
mainly in vascular smooth muscle cells, and VEGFR3 in lymphatic endothelial cells were essential for their development,
whereas VEGF-D deletion had no effect. Surprisingly, in adult mice, the LVs showed regression after VEGF-C or VEGFR3 dele-
tion, administration of the tyrosine kinase inhibitor sunitinib, or expression of VEGF-C/D trap, which also compromised the
lymphatic drainage function. Conversely, an excess of VEGF-C induced meningeal lymphangiogenesis. The plasticity and regen-
erative potential of meningeal LVs should allow manipulation of cerebrospinal fluid drainage and neuropathological processes
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in the CNS.

INTRODUCTION
Nearly all mammalian tissues are vascularized by blood ves-
sels (BVs) and lymphatic vessels (LVs). In peripheral organs,
lymphatic drainage contributes to interstitial fluid (ISF) ho-
meostasis and immune surveillance by draining waste prod-
ucts, macromolecules and immune cells via LNs to systemic
blood circulation (Alitalo, 2011; Koltowska et al., 2013).
However, although isolated LVs inside the skull and flow of
tracers from brain and cerebrospinal fluid (CSF) space to the
draining cervical LNs were detected by several groups (His,
1865; Schwalbe, 1869; Foldi et al., 1966; Cserr and Knopf,
1992), perivascular and perineural spaces were considered to
provide the pathway into extracranial LVs (Tarasoff-Conway
et al., 2015), and the concept of a lymphatic vascular sys-
tem in the eye and central nervous system (CNS) was lack-
ing until recently (Aspelund et al., 2014, 2015; Park et al.,
2014; Louveau et al., 2015).

CNS contains unique ISF-CSF exchange and drainage
systems for fluid, solutes, and cells (Louveau et al., 2017; Sun
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et al., 2017). ISF water and small solute exchange through the
capillary walls between the BVs and the brain is limited by
the blood—brain barrier (BBB). CSF produced in the epithe-
lial cells of the choroid plexus has a similar composition as
cerebral ISE which is dynamically exchanged with CSF and
cleared from brain via a perivascular drainage (“glymphatic”)
system into subarachnoid space (SAS), a reservoir located be-
tween the pia mater and arachnoid membrane (Pollay, 2010;
Iliff et al., 2012; Jessen et al., 2015). The discovery of menin-
geal LVs in the dura mater provides an additional exit path-
way from the CNS into systemic circulation (Aspelund et
al., 2015; Louveau et al., 2015). Given the potential impor-
tance of meningeal LVs in the drainage of macromolecules
and cells from the CNS and in the etiology and pathogen-
esis of neurodegenerative, cerebrovascular, and neuroinflam-
matory diseases, including Alzheimer’s disease, stroke, and
multiple sclerosis, better knowledge of their development
and function is needed.

In mice, LV development begins between embryonic
days 9.5 (E9.5) and E10, when groups of venous endothelial
cells (ECs) in the common cardinal vein become committed
to the lymphatic fate by starting to express the homeobox
transcription factor PROX1 (Wigle and Oliver, 1999; Esc-
obedo and Oliver, 2016). After E10, paracrine VEGF-C in-
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duces the sprouting of VEGFR3-positive lymphatic EC (LEC)
progenitors out from the common cardinal vein to form the
first lymphatic plexus (Karkkainen et al., 2004; Higerling et
al., 2013). The subsequent expansion of the lymphatic vas-
cular tree occurs mostly by sprouting from pre-existing LV,
a process known as lymphangiogenesis (Vaahtomeri et al.,
2017). In addition, cells of unknown origin in the developing
heart, skin, and intestine have been shown to form new LVs
(Klotz et al., 2015; Martinez-Corral et al., 2015; Stanczuk et
al., 2015). The mature lymphatic vasculature consists of ab-
sorptive initial LVs and lymph-transporting precollector and
collector vessels (Secker and Harvey, 2015; Kazenwadel and
Harvey, 2016). However, how and when the meningeal LVs
develop and whether they undergo dynamic changes during
aging are unknown. Here, we have explored the development
and plasticity of these vessels using a variety of genetic models
and modulators of lymphangiogenic signal transduction.

RESULTS

The meningeal lymphatic network develops postnatally
Meningeal LV development was analyzed in Prox1-eGFP re-
porter mice, which express enhanced GFP in lymphatic en-
dothelium (Choi et al.,2011). The LEC identity of the e GFP™*
cells was confirmed by whole-mount immunofluorescence
staining for LV endothelial hyaluronan receptor 1 (LYVET;
Johnson et al., 2017). Analysis of whole-mount preparations
of the meningeal layer attached to the skull at various time
points after birth indicated that meningeal LV development
occurs in a characteristic manner alongside veins, arteries, and
cranial and spinal nerves during the first postnatal weeks. The
overall development is schematically summarized in Fig. 1
(A and B), Fig. 2 A, and Fig. S1 A. The developing menin-
geal LVs appeared first around the foramina that form the
entry and exit sites for BVs and nerves, forming an extensive
network with numerous sprouts until 3—4 wk of age, after
which they appeared to stabilize. Although the development
always occurred in the same order, variation in the devel-
opmental kinetics and patterns of lymphatic plexuses varied
somewhat, even within litters. The images shown illustrate
representative developmental patterns at specific time points;
the essential anatomical structures are named according to
(Ruberte et al., 2017).

The first meningeal LVs were observed just before birth
at the base of the skull, around the oval opening for the spinal
cord called foramen magnum (FM), and around the pterygo-
palatine artery (PPA), a branch of the internal carotid artery
in mice. After birth, LVs flanking the FM, located next to BVs,
extended toward each other to join in the ventral midline at
~P12 (Fig. 1 C).Valves were occasionally observed in these
LVs already at PO, and numerous valves were present in the
LV network at P20 (Fig. 1, C and D, arrowheads). Around the
PPA, a few rudimentary vessels were visible at birth. After P4,
these extended along the middle meningeal artery (MMA),
forming valves and reaching the parietal bone area by P16,
continuing further growth toward the sagittal suture of the
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skull (Fig. 1, E and F). Although all meningeal LV stained for
PROX1, the LYVE1 signal was dim in some vessels, especially
in LVs with valves around the FM and PPA, and also around
the MMA (Fig. 1 D). Consequently, PROX1/LYVE1 double
staining was used for meningeal LV characterization and anal-
ysis in both pups and adults.

Parasinusoidal meningeal LVs developed from LVs lo-
cated alongside the jugular veins (JVs) and cranial nerves
(CNs; IX=XTI), which enter the skull via the jugular foramen
next to the FM. At P3, the deep cervical LNs (dcLNs) were
linked to LVs alongside the JVs (Fig. S1 B). Intracranially, the
parasinusoidal LVs grew upwards dorsolaterally along the sig-
moid sinus (SS), converging then along the transverse sinus
(TS) to the superior sagittal sinus (SSS) and extending further
toward the anterior part of the skull (Fig. 1 G).The grow-
ing front had reached the TS at P8, the confluence of the
sinuses (COS) at P16, and the rostral end of the SSS at P28
(Fig. 1 G). The meningeal lymphatic vessels around the SSS
remained thin and were occasionally discontinuous, even in
adult mice. Approximate locations of the LVs along the dural
sinuses and the direction of growth are indicated in Fig. 1 (A
and B) and Fig. S1 A. From P16 onwards, further LVs were
discovered also in the dura mater covering the cerebellum, in
association with veins branching from the TS (Fig. S1 C).LVs
in the dura, attached to the frontal bone overlying the olfac-
tory bulb, and beside the rostral rhinal veins (RRV) became
apparent at P16 and were well developed at P24 (Fig. 1 H),
before the LVs along the SSS had reached the rostral area,
indicating separate paths of growth for the LVs in the rostral
and caudal parts of the skull.

Also in other parts of the skull base, meningeal LVs
started to develop shortly after birth around the skull foramina
along the CNs and associated BVs, and they were already
well developed at P20 (Fig. S1, F-H). In the meninges under
the olfactory bulb, some PROX1*/LYVE1" lymphatic-like
structures were visible at P2 around the external ethmoidal
BVs (Fig. S1 F). The meningeal lymphatic vasculature overly-
ing the cribriform plate next to olfactory nerve bundle (CN
I) and associated internal ethmoidal BVs was evident before
P8 (Fig. S1 G).These vessels formed an extensive lymphatic
network around the cribriform foramina, piercing through
the ethmoidal foramina and joining the nasal mucosal LVs
that drain into the dcLNs (Walter et al., 2006; Aspelund et al.,
2015; Lohrberg and Wilting, 2016). Rudimentary, discontin-
uous LVs were observed already at PO around the CN III-VI
bundle and associated BVs, whereas around the optic nerve
(CN II), nerves close to the FM (CNVII-VIII) and their asso-
ciated BVs, the LVs were evident slightly later, around P8 (Fig.
S1 H). Extracranial LVs were also observed in the eye orbit
after eye enucleation at PO (Fig. S1 I).

At 1 mo of age (P28), the meningeal LVs were devel-
oped in all parts of the skull. Comparison of the ProxI-eGFP
reporter mice at 1 mo and 2 yr of age revealed their similar
patterning around BVs and cranial and spinal nerves (Fig. S2,
A-D). In 2-yr-old mice, some enlarged LVs as well as more
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Figure 1. Postnatal development of the meningeal lymphatic network. (A and B) Schematic illustration showing meningeal LVs (green) superimposed
on the corresponding anatomical structures at different postnatal (P) days (A) and the direction of LV growth (B). CN'V, CN V (trigeminal nerve); CP, cribri-
form plate; SC, spinal cord. (C-H) Development of the meningeal lymphatic network, detected by Prox7-eGFP (green) reporter and LYVE1 immunostaining
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disjointed and sparse lymphatic structures with fewer valves
were observed, especially around the FM and PPA (Fig. S2,
A and B).The presence of meningeal LVs was also confirmed
in marmosets (Fig. S2 E).

Meningeal LVs around the spinal cord

At P4, some thin PROX1" LVs were observed in meninges
overlying the vertebrae and intervertebral spaces after spinal
cord removal (Fig. 2 E). Further LVs in spinal meninges de-
veloped concomitantly along the spinal nerves and associated
BVs as the LVs were detected almost simultaneously in cervical,
thoracic, and lumbar areas during the early postnatal period.
These strongly PROX1/LYVE1/VEGFR3/podoplanin—
positive and weakly CD31- and podocalyxin-expressing LVs
extended to the midline, covering mainly the intervertebral
area on both dorsal and ventral sides along the entire spi-
nal canal (Fig. 2, A and D-G); valves were observed after P4
(Fig. 2, E and F arrowheads). From P8 onward, the LVs cov-
ering the FM connected to meningeal LVs in the cervical spi-
nal canal (Figs. 1 C and 2 E, yellow asterisks). On the ventral
side of the spinal canal, the meningeal LVs did not connect
at the midline, even in adult mice (Fig. 2 E), whereas on the
dorsal side, they formed a connected uniform pattern by P16
that extended all the way to cisterna magna (CM; Fig. 2 F).
The spinal meningeal LVs became caudally more elongated,
adjusting to the growing vertebrae. On the dorsal side, the
caudal LVs were also organized into a more circular pattern
(Fig. 2 F). The LVs exited the spinal canal laterally together
with the BVs and spinal nerves (Fig. 2 G and Fig. 3,A and B).
LVs in the spinal meninges and their exit alongside the spinal
nerves and BVs are illustrated in Fig. 2 (A—C) and Fig. 3 A.

Lymphatic sprout extension and cluster fusion contribute to
meningeal lymphangiogenesis

In the early developmental stages, especially before and around
P8, a considerable number of LYVE1*/PROX1" cells were
observed in areas where the meningeal LVs later developed
(Fig. 1 G, Fig. 4 A, and Fig. S1, E-G and I). These cells ex-
pressed the macrophage mannose receptor CD206 and F4/80,
suggesting that they were related to macrophages/microglia
(Fig. 4 B, hereafter: macrophage-like cells). Upon further de-
velopment of the LYVE1"/PROX1" meningeal lymphatic
vasculature, this LYVE1"/PROX1~ macrophage-like cell
subpopulation was strongly decreased (Fig. 1 G, Fig. 4 A, and
Fig. S1, F and G), although CD206"/F4/80" cell density did
not markedly decrease (Fig. 4 C). Interestingly, in adult mice,
intracerebroventricularly (i.c.v.) injected fluorescent ovalbu-

min was found to accumulate into some of the CD206"/
F4/807/PROX1~ macrophage-like cells along the men-
ingeal LVs (Fig. S2 F).

Six hours after 5-ethynyl-2-dioxyuridine (EdU) admin-
istration to P16 pups, EdU-positive cells were evident near
the tips of developing LVs (Fig. 4 G) and in discrete clusters
of PROX1*/LYVE1" LECs (Fig. 4 H) located around the
developing LVs (Fig. 4, D and E; and Fig. S1, C, E and G).
These clusters were CD206/F4/80 negative; thus, they were
not macrophage-like cells (Fig. 4, C and F). They formed
filopodia that connected to the surrounding clusters and the
already formed LVs (Fig. 4, D, E, and H), and they disap-
peared during later developmental stages, concomitantly with
the formation of LVs, suggesting that they merged with the
sprouting LVs. Interestingly, during the early postnatal period,
PROX1"/LYVE1~ BVs were found in the areas where the
LVs would later form (Fig. S1, D—G). The PROX1 fluores-
cence in the BVs disappeared during the formation of the
PROX1"/LYVE1" LVs and clusters. Furthermore, occasional
cells in the PROXT1 expressing BVs were weakly LY VE1 pos-
itive (Fig. S1 E, arrows).

VEGF-C, but not VEGF-D, is essential for

meningeal LV development

Transgenic K14-VEGFR3-Ig mice expressing a soluble
VEGF-C/D trap display aplasia of meningeal LVs, and em-
bryos lacking both Vegfc alleles die before meningeal LVs
start to develop (Karkkainen et al., 2004; Aspelund et al.,
2015). Because of this, heterozygous Vegfc™“* knockout
mice were used in our analysis of meningeal LV development.
Vegtc™?* pups and adult mice had nearly complete absence
of LVs in their meninges (Fig. 5 A; Fig. S3, A, and B; and
Table S1), whereas the meningeal LVs in Vegfd gene—deleted
mice were indistinguishable from those in WT control mice
(Fig. 5 B; Fig. S3, D—F; and Table S1). When we deleted Vegfc
in the Rosa26-CreER"?;Vegtc™ /" (Vegfc®*?%) mice by
tamoxifen administration at P3—P5 or P8—P10, no LVs were
found in the cranial or spinal meninges of the Vegfc“*? mice
(Fig. 5, C and D; Fig. S3 G; and Table S1).To our surprise, lit-
termate Vegfc™ " gene—targeted mice, but not Vegfc™W"
mice, also had severely hypoplastic meningeal LVs, suggesting
that the conditional allele leads to a hypomorphic phenotype
(Fig. 5, C and D; and Fig. S3 G). Vegfc mRINA quantifica-
tion indicated that the Vegfc™V", Vegfc™/™* and Vegfc***
mice express ~75%, 50%, and 1% of the WT Vegfc mRINA
levels, respectively (Fig. S3 H). This confirmed that the men-
ingeal LVs are more sensitive to decreased Vegfc expression

(gray). Meningeal LVs around the FM at PO, P12, and P20 (C and D); around the PPA and MMA at P4, P16, and P24 (E); around the MMA at P24 (F; showing BV
immunostaining for podocalyxin in red); around the COS at P8, P16, and P28 (G); and around the RRV at P24 (H). Dashed boxes in C (PO and P20) surround
the lymphatic valves magnified in C (PO) and D (P20). (D) Close-up of lymphatic valves (arrowheads) in the FM region at P20; note the lack of LYVE1 staining
of collecting LVs (dashed line). Yellow lines in A and arrows in C and E-G point to the growing LV front. Arrowheads in C-E mark lymphatic valves. Asterisks
in Cindicate the connection between LVs around the FM and LVs around the spinal canal. Asterisks in G indicate remnants of the excised pineal gland. Data
shown are representative of n = 3-6 per time point and staining. Bars: (C and F-H) 400 um; (D) 100 um; (E) 200 pm.
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Figure 2. LVs in spinal meninges. (A) Schematic illustration of meningeal LVs (green) attached to the ventral and dorsal sides of the cranium and spinal
canal after removal of the brain and spinal cord. SN; spinal nerve. (B) Transverse section of lumbar spine of an adult mouse showing LVs in dura, immu-
nostained for CD31 (green), LYVE1 (red), and PROX1 (blue). (C) Coronal sections of adult skull showing the meningeal LVs, immunostained for CD31 (green),
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than intestinal or cutaneous LVs (Nurmi et al., 2015). As in
the WT pups during meningeal LV development (Fig. 1 G,
Fig. 4 A, and Fig. S1, E G, and I), the mice with absent or
severely hypoplastic LVs had numerous LYVE1"/CD206"/
F4/80" cells in the areas where the LVs were supposed to
develop (Fig. 5,A, C, and D; and Fig. S3,A—C and G).

VEGF-C-expressing smooth muscle cells (SMCs) are located
along the routes of LV growth

We next analyzed Vegfc gene expression around menin-
geal ILVs by X-gal staining of tissues from the Vegfc™#'*
heterozygous mice in which the LacZ gene, encoding
B-galactosidase, has been inserted into the Vegfc locus
(Karkkainen et al., 2004). At P21, prominent -gal staining
was detected in close proximity of the areas where the men-
ingeal LVs were developing, especially around the dural ve-
nous sinuses, PPA, MMA, and BVs around the FM and CNs
(Fig. 6, A-C and E). An intense signal was detected in the
pineal (Fig. 6 A, asterisks) and pituitary (Fig. 6 D) glands.
The blue staining around the vessels had a distinctive pat-
tern (Fig. 6, A—C and E, arrowheads), resembling a-smooth
muscle actin (®SMA) staining in SMCs that enwrap the ar-
teries and veins (Fig. 6, F-H), suggesting that these cells
constitute an important paracrine source of VEGF-C. The
meningeal LVs were not coated by SMCs, but they were
always found adjacent to the aSMA—positive arteries and
veins in the pups and in adult mice, suggesting that VEGF-C
from BVs guides LV development and maintenance. This
hypothesis was further supported by the spatiotemporal re-
lationship between the development of SMCs and LVs in
the meninges. For example, in WT mice, the SSS displayed
developing SMCs and no LVs at P6, whereas at P18, when
LVs started to elongate along the SSS, an extensive SMC
coverage was present (Fig. 6 F).

Vegfr3 deletion arrests meningeal LV development

The importance of VEGFR3 in meningeal LV devel-
opment was assessed by postnatal gene deletion in Ro-
5a26-CreER "?; Vegft3"/1% mice (Vegfr3**%). This resulted
in nearly complete lack of LVs in the cranial and spinal
meninges at P21, confirming the critical role of VEGFR3
(Fig. 7, A and B; Fig. S4, A~C; and Table S1). In Vegfr3“**
pups, only a few rudimentary and segmented LV remnants
were occasionally found near the PPA and FM (Fig. S4 C,
arrowhead). Although the Rosa26-CreER™ allele is also ac-
tive in BV ECs, there were no obvious differences between
the meningeal BVs of the Vegfi3“"** mice and their litter-
mates at P21 (Fig. 7 B).

Blocking the VEGF-C-VEGFR3 interaction impairs
meningeal LV development

To interfere with lymphangiogenic signals by using another
method, we used the VEGF-C/D trap, which neutralizes both
VEGFR3 ligands (Mikinen et al., 2001). Adeno-associated
viral vectors (AAVs) encoding soluble VEGFR3 (AAV—
mVEGFR3_,-Ig, encoding the mouse “VEGF-C/D trap”)
or control vector (AAV-mVEGFR3, ;-Ig) was injected i.p.
to WT pups at PO, and the meninges were analyzed at P21,
P70, and P200.The vector-encoded proteins were detected in
serum 24 h after AAV injection into adult mice (Fig. 7 F). As
in the globally Vegfr3-deleted mice, the LVs in the cranial and
spinal meninges were atrophic at all three time points in mice
expressing the VEGF-C/D trap (Fig. 7, C and D; Fig. S4,
D-F; and Table S1).To confirm that the effect was local, the
vectors were injected intracisternally (i.c.m.) to Vegfr3:YFP
transgenic mice, which express the Venus fluorescent protein
(YFP) under the control of Vegfr3 regulatory sequences (Calvo
et al., 2011). In these mice, strong YFP fluorescence in the
vasculature colocalized with PROX1 immunofluorescence,
confirming the strong YFP signal as a bona fide reporter
of LECs (Fig. S5 I). AAV-mVEGFR3,_,-Ig injection at P7
resulted in significantly reduced YFP® meningeal LVs at
P14 (Fig. S5, A, B, and G), whereas meningeal BVs were
not affected (Fig. S5, D, E, and H). Injection at P21, when
meningeal LVs are already well developed but still growing,
resulted in their complete absence around the dural sinuses 40
wk after gene transfer (Fig. 7 E), but some LVs persisted in the
basal part of the skull and around the spinal cord (Fig. S4 G).

Growth of meningeal LVs in response
to VEGF-C gene transfer
We next asked whether VEGF-C gene transfer can be used
for the induction of meningeal lymphangiogenesis. First, AAV
encoding mouse VEGF-C (AAV-mVEGF-C) or PBS (mock)
was injected 1.c.m. to Vegfr3:YFP mice at P7.When the dura
mater attached to the parietal bones was analyzed at P14, a
robust increase of the YFP*/PROX1" signal corresponding to
LVs was observed especially around the TS and COS, and in
the area of the frontal bone (Fig. S5, A, C, G, and I), whereas
BV growth was not affected (Fig. S5, D, E and H). Enlarged
and additional LVs and sprouts emanating from them were
also observed by LYVE! staining in adult C57BL/6] mice
injected i.c.v. with the AAV-mVEGF-C versus AAV without
payload (empty-AAV; Fig. 8, A-D).

The effect of VEGF-C on BBB integrity was analyzed
by measuring Evans blue (EB) extravasation three hours after
its 1i.v. injection into 12-wk-old mice treated 4 wk earlier

CCL21 (red), and PROX1 (blue). Asterisk indicates an artifactual space created during preparation. (D) LYVE1, VEGFR3, and podoplanin immunostaining of
spinal meninges. (E and F) Development of the meningeal LVs in the spinal canal on the ventral (E) and dorsal (F) aspects during the indicated postnatal (P)
days. (G) LVs exiting the spinal canal together with the spinal nerves. Arrowheads in E and F point to lymphatic valves, and red asterisks in E indicate BVs.
Yellow asterisks in E indicate the connection between LVs around the FM and LVs around the spinal canal. Data shown are representative of n = 3-6 per
time point and staining. Bars: (B) 20 um; (C) 50 um; (D, F, and G) 400 pm; (E) 300 um.
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Figure 3. LV exit from the spinal canal
along the spinal nerves and BVs. (A) Sche-
matic transverse view of the spinal cord and
its blood (red) and lymphatic (green) vessels.
(B) Transverse section of spinal cord with a
close-up showing the exit of the LVs and BVs
along the spinal nerve bundle in LYVET (red)
and CD31 (green) immunostaining, respec-
tively (n = 3). Bar, 2 mm.

Spinal cord

with i.c.m. injection of AAV-mVEGF-C or AAV-mVEG
FR3,;-Ig (control). Intraperitoneally administered LPS (10
mg/kg) was used as positive leakage control. No significant
differences were detected in the EB extravasation in mice
treated with AAV-mVEGEF-C (2.7 £ 0.89 pg/ml, n = 6) or
AAV-mVEGFR3, ;-Ig (2.5 = 0.56 pg/ml, n = 5), whereas
LPS induced BBB leakage (14.13 * 6.98 ug/ml, n = 6;
Fig. 8 E). Moreover, mice injected with AAV-mVEGF-C or
control vector showed no significant differences in immunos-
taining of the adherens junction protein VE-Cadherin at BV
EC junctions (Fig. 8 F). The results indicate that the i.c.m.
injection or AAV-mVEGF-C did not cause BBB disruption.

Inhibition of VEGFR3 signaling leads to regression of
meningeal LVs in adult mice

To determine whether continuous VEGFR3 signaling is re-
quired for meningeal LV maintenance, we deleted Vegfr3
in adult mice by tamoxifen administration. 20 wk later, the
Vegfi3“"?% mice showed a significant regression of menin-
geal LVs when compared with tamoxifen-treated littermate
Vegfr3™% mice. Although the LVs around the dural sinuses
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had completely regressed (Fig. 9 A and Table S1), some iso-
lated LVs were still observed in the meninges coating the basal
part of the skull and the spinal canal (Fig. 9 B).

To avoid the developmental failure of most LVs that oc-
curs in K14-VEGFR 3-Ig mice, which lack lymphangiogenic
signals in utero (Mikinen et al., 2001; Aspelund et al., 2015),
we instead blocked the VEGFR3 signal transduction pathway
in adult mice by using the VEGF-C/D trap, which did not af-
fect already established LVs in a previous study (Nurmi et al.,
2015).We injected VEGF-C/D trap or control vector 1.p. into
8-wk-old WT mice and analyzed the mice 1, 2,5, and 8 wk
thereafter. Meningeal LV regression was evident already after
1 wk of VEGF-C/D trap expression and progressed until the
parasinusoidal LVs had disappeared from the top part of the
skull (Fig. 9, C and E; and Fig. 10, B and H). Although some
rudimentary LVs were occasionally detected around the dural
sinuses even 8 wk after gene transduction, the regression was
significant when compared with mice injected with control
vector (Fig. 9, C and E; and Fig. 10, B and H).Vector deliv-
ery by i.c.v. injection caused an equally efficient regression of
meningeal LVs around the dural sinuses 8 wk after injection
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Figure 4. Sprout extension and fusion of cell clusters in meningeal lymphangiogenesis. (A) LYVE1 staining of LVs developing around the PPA.
(B) LYVE1*/CD206" macrophage-like cells around the SSS at P16. (C) CD206 immunostaining around the MMA. (D) LYVE1 (gray) and Prox1-eGFP (green)-
positive cell clusters (arrowheads) around the MMA. (E) LYVE1 (green) and PROX1 (gray) immunostaining of LEC clusters around the TS at P16. Dashed
boxes indicate areas of the close-up images shown in E. Arrowheads indicate connections of the clusters with each other and with the already-formed LVs.
(F) F4/80 immunostaining of macrophage-like cells for comparison. Dashed line indicates the LEC clusters shown in E. (G and H) EdU-positive LECs (arrow-
heads in G) in the tip cell area around the TS and (H) in isolated clusters stained for PROX1 (gray) and LYVE1 (green). EdU was administered 6 h before tissue
harvest. Data shown are representative of n = 2-4 per time point and staining. Bars: (A and D) 200 pm; (B, F, and G) 50 pm; (C and E) 100 um; (H) 10 pm.
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Figure 5. VEGF-C, but not VEGF-D, is essential for normal meningeal LV development. (A and B) LYVE1 (gray) and PROX1 (green) staining of
the FM area in P12 Vegfc®?* (n = 3, 3; P = 0.0429; A) and Vegfd™'~ mice and their littermate controls (n = 3, 3; P = 0.2264; B). (C and D) Comparison of
LYVE1 staining in the FM area in Vegfc™/™ littermate controls and Vegfc®#?® mice (C) at P21 (n = 3, 3; P = 0.4391) and (D) at 10 wk of age (n = 3, 6; P =
0.0457). The time course of 4-OHT or tamoxifen injections and analysis is illustrated above the images. Yellow (A, C, and D) and white (D) asterisks indicate
LYVE1-positive macrophage-like cells and extra tissue left after dissection, respectively. Arrowheads point to LV fragments. Data shown are representative
of two independent experiments using littermate mice. Student's t test was used to calculate p-values. Bars, 200 pm.

(Fig. 10,A, B, and H), whereas no significant loss of meningeal

LVs occurred in the basal part of skull or in the spinal canal.

Moreover, no significant differences were detected in EB ex-
travasation in the brains of mice that were injected i.c.v. with
AAV-VEGFR3, Ig (104 £ 19%), control AAV-mVEG
FR3, ;-Ig (95 £ 5%), or PBS (100 £ 11%, P > 0.05), whereas
10 mg/kg LPS induced BBB leakage (LPS, 123 + 8%, P <

JEM Vol. 214, No. 12

0.05 vs. PBS). These results indicated that neither i.c.v. injec-
tion nor vector administration causes BBB disruption.

The tyrosine kinase inhibitor sunitinib causes a reversible
regression of meningeal LVs

The finding that the already established meningeal lym-
phatic vasculature in adult mice is uniquely dependent on
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Figure 6.  Smooth muscle cells provide a vascular source of VEGF-C for meningeal LVs. (A-E) p-Galactosidase staining of meningeal tissue showing
VEGF-C expression around the TS and SSS and in the pineal gland (asterisks; A), PPA (B), MMA (C), pituitary gland (hypophysis; D), and FM (dashed line) and
the CNs (E) in Vegfc®?* mice at P21. Note the “stripe-like" pattern resembling the wrapping of SMCs around the BVs (arrowheads). The asterisk in E shows
VEGF-C expressing meningeal BV that continues from the skull base to the spinal canal. (F-H) «SMA staining around the SSS from the boxed area in A at
P6 and P18 (F), PPA at P12 (G), and MMA at P12 (H). Data shown are representative of n = 2-4 per time point and staining using littermate mice. Bars: (A)

400 pm; (B, E, and G) 200 um; (C and H) 100 pm; (D) 500 pm; (F) 50 um.

continuous VEGF-C-VEGFR3 signaling led us to inves-
tigate whether its regression occurs during treatment with
sunitinib, a VEGFR tyrosine kinase inhibitor that is used for
targeting tumor angiogenesis in cancer patients. At the 60
mg/kg dose, sunitinib inhibits VEGFR3 tyrosine kinase ac-
tivity, but this did not affect pre-existing LVs in an earlier
study (Nurmi et al., 2015). Surprisingly, we found that an
acute 2-wk sunitinib treatment resulted in significant re-
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gression of parasinusoidal LVs, especially in the SSS region
(Fig. 9, D and G). This regression was reversible upon ces-
sation of sunitinib treatment, as some of the LVs had grown
back 4 wk after sunitinib withdrawal (Fig. 9, D and H). This
indicates that the meningeal lymphatic vasculature is plas-
tic, being exceptionally sensitive to sunitinib treatment—in-
duced regression in adult mice yet having the capacity to
grow back after treatment.
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Inhibition of VEGFR3 signaling results in decreased CSF CSF drainage function, mice were injected i.p. with VEGF-
transport into the dcLNs C/D trap or control vector at 8 or 3 wk of age. 8 or 40
To test whether the interruption of VEGFR3 signaling affects wk later, respectively, the mice were subjected to a functional
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Figure 8. Meningeal LV growth in response to AAV-mVEGF-C. (A-E) Analysis of meningeal LVs in mice injected i.c.v. with AAV-mVEGF-C (n = 9) or
AAV without payload (empty-AAV; n = 9). LYVE1 staining of the CN Il (A) and COS area (B), and quantification of LYVE1 area-percentage per CN Il length
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into brain tissue 3 h after i.v. administration (E) and VE-Cadherin and BV-specific GLUT1 colocalization in brain sections (F). Data shown are representative
of two independent experiments. A Student's t test was used to calculate p-values. *, P < 0.01; ** P < 0.001. Values are expressed as mean + SEM. Bars:
(A) 100 pm; (B) 500 um.

3656 Meningeal lymph vessel development and plasticity | Antila et al.



Rosa26-CreERT™; Vegfr3oxox

Tamoxifen (gavage) Analysis
w !
J A} I
LYVE1 Weeks 8 28

A Vegfr3ﬂox/ﬂox Vegfr3iAR26 B Vegfl’3ﬂ°X/ﬂéx & Vegfr3iAR26

N\,

| AAV-mVEGFR3-Ig I Sunitinib |
AAV-mVEGFR3(1-4)-lg / ) Sunitinib / vehicle Analysis
AAV-mVEGFR3(4-7)-Ig (i.p.) Analysis (60 mgtkg, ip.) Il
l l l ‘ : 1 1 \\ ]
1 1 A%} 1
I W —t | Weeks 8 9 10 14
Weeks 8 9 10 13 acute recovery

LYVE1 Sunitinib

AAV-mVEGFI AAV-mVEGFR3(1-4)-Ig
5 weeks { 1 week

AAV-mVEGFR3(1 -4)-Ig AAV-mVEGFR3(1-4)-Ig
2 weeks 5 weeks

E 104 F Serum G Acute H Recovery

R3(4-7)-1 X .
% g {R3(4-7)-lg mVEGFR3-lg 2100 Bl Vehicle 4 100; =v9h.c|e
o » M Sunitinib ¢ go Sunitinib
o R3(1-4)-Ig i g 80 g 8
o ———— 4
- R3(1-4)lg 2 3 60 o & *
~ iy 3 40 3 40-
° kkk *kk hkk $ 3 = o 8 S

- N v X 3 20 * % 3 20
5W 1W 2W 5W . RS R
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assay evaluating i.c.v.-injected 500-nm microsphere transport
from the CSF space into dcLNs (Fig. 10 F). The microspheres
were chosen as an indicator of CSF exit pathway as opposed
to fluorescently labeled ovalbumin, which tended to accu-
mulate into CD206"/F4/80" macrophage-like cells covering
the LYVE1" LVs in adult mice (Fig. S2 F). The meningeal
LVs along the dural sinuses had regressed at both time points
(Figs. 10, B, C, and H; and Fig. 7 E); at 40 wk, LVs in the
spinal meninges and at the base of the skull had also regressed
(Fig. S4 G). In both experimental setups, the VEGF-C/D trap
caused also a strong reduction of microsphere transport from
the lateral brain ventricle to the dcLNs (Fig. 10, D, E, and I).

DISCUSSION

Our results show that in mice, essentially all intracranial
and spinal meningeal LVs develop during the first postnatal
month, starting at the base of the skull by extension of sprouts
and fusion of LEC clusters located beside pre-existing BVs
and CNs.VEGF-C, which was essential for LV development,
was produced most prominently by vascular SMCs and the
pituitary and pineal glands. Meningeal LVs could be induced
to grow further in postnatal and adult mice by using intracra-
nial delivery of a viral vector producing exogenous VEGF-C.
Inhibition of VEGF-C-VEGFR3 signaling using VEGF-C
or VEGFR3 gene targeting, VEGF-C/D trap, or a clinically
approved VEGFR tyrosine kinase inhibitor resulted in devel-
opmental arrest and gradual regression of the meningeal LVs
in pups and in adults, respectively. Furthermore, meningeal
lymphatic regression was associated with decreased clearance
of i.c.v.-injected microspheres into extracranial LNs.

Most LVs in adult tissues are formed during embryonic
development, with the exception of the Schlemm’ canal
in the eye and lacteal vessels in the gut (Kim et al., 2007,
Aspelund et al., 2014; Nurmi et al., 2015). Meningeal LVs
developed still later, during the first postnatal month. In com-
parison, the development of the CNS BVs in mice begins
in the embryonic stage with the formation of the perineural
vascular plexus at E7.5-E8.5, followed by capillary sprout in-
vasion into the neuroepithelium by angiogenesis in a caudal
to cranial order at midgestation, followed by recruitment of
pericytes, and continuing with a gradual development of the
BBB (Lindahl et al., 1997; Mancuso et al., 2008). Develop-
ment of intracranial and spinal meningeal LV started around
the various foramina at the base of the skull and spinal canal
within a short time interval after birth, proceeding along the
BVs and cranial and spinal nerves and appearing latest in the
anterior part of the SSS in the top part of the skull. 4 wk
after birth, the meningeal LVs already formed an extensive
network with numerous sprouts that covered all parts of the
cranium and persisted in similar locations in 2-yr-old mice.

Interestingly, SMCs were absent, but valves were present in
the meningeal LVs from the early time point of their devel-
opment, particularly in the basal parts of the skull and around
the spinal cord. This suggests that the meningeal lymphatic
network consists of initial and precollector LVs. The mainly
basal distribution of valves indicates that the meningeal LVs
are exposed to different flow conditions and possess distinct
functional properties in various regions around the CNS.
The spinal meningeal LVs developed postnatally almost
simultaneously in the cervical, thoracic, and lumbar regions
instead of a successive cranial-caudal order. This suggests that,
similarly to the intracranial LVs, growth along the nerves and
BVs occurs against the direction of lymph flow in the subse-
quent functional LVs. The completed spinal LV network was
connected to the LVs around the FM on both dorsal and ven-
tral sides, covering mainly the intervertebral disc area on the
ventral side and the interspinous ligament area on the dorsal
side, and extending out from the spinal canal laterally in asso-
ciation with the spinal nerves and BVs. The spinal meningeal
LV patterning changed along the ventral-dorsal and cranial—
caudal axes of the spine, which may reflect LV site-specific
functional properties. Studies in several animal species have
indicated that up to half of extracranial CSF drainage occurs
via the lymphatic pathway (Pollay, 2010). Besides the CSF
drainage via cranial outflow pathways into extracranial LVs,
functional connections of the spinal SAS with the lymphatic
system have been also descibed previouly (Brierley and Field,
1948; Field and Brierley, 1948; Zakharov et al., 2003). Inter-
estingly, 1.c.v.-injected tracers have been reported to accumu-
late only partially into lumbar and intercostal LNs, whereas
lumbar and intrathecal administrations resulted in tracer accu-
mulation mainly in lumbar plus intercostal LNs and mandib-
ular plus truncal LN, respectively (Boulton et al., 1996, 1998;
Kwon et al., 2017), indicating regional specificity of CSF
drainage. Therefore, modulating spinal meningeal LVs and
their function could provide possibilities for manipulation of
the exit of CSE macromolecules, and cells in conditions such
as spinal cord injury, multiple sclerosis, and syringomyelia.
The development of meningeal LVs along BVs and
nerves occurred by sprouting lymphangiogenesis, but isolated
LEC clusters of variable size also seemed to form vessel-like
structures, similar to the clusters of incompletely known ori-
gin (Klotz et al., 2015; Martinez-Corral et al., 2015; Stanczuk
et al., 2015). These isolated clusters proliferated, formed filo-
podia and connected to other clusters and to the sprouting
lymphatic vessels. Their variable size suggests that they are
formed by an ongoing process during a transient develop-
mental phase. Furthermore, their disappearance later on sug-
gests that they are intermediate structures that incorporate
into the sprouting LVs. PROX1"/LYVE1~ BVs occurred

at the indicated time points after AAV injection. (G and H) Quantification of SSS length covered by LVs in sunitinib-treated mice in the acute phase (G) and
recovery phase (H). Data shown are representative of two independent experiments. A Student's ¢ test was used to calculate p-values. * P < 0.05; **, P <
0.01;** P < 0.001. Values are expressed as mean + SEM. Bars: (A) 200 um; (B) 150 um; (C and D) 500 um. W, weeks.
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Figure 10. Regression of meningeal LVs decreases drainage of i.c.v.-injected microspheres. (A-C) Representative images of LYVE1-stained LVs
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(H) Quantification of LVs in the experiments shown in A-C. (1) Quantification of the number of microspheres in dcLNs, normalized to dcLN area in the
experiments shown in B-E. Data shown are representative of two independent experiments. A Student's ¢ test was used to calculate p-values. *, P < 0.05;
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in the same areas where the first meningeal LVs would later
form. The gradual disappearance of PROX1" BVs and the
coincidental appearance of PROX1"/LYVE1" LEC clusters
and LVs is consistent with the possibility that at least some
of the LVs are derived directly from BVs, reminiscent of the
development of the first LVs in midgestation embryos (Oliver
and Alitalo, 2005; Higerling et al., 2013). The observation of
weakly stained LYVE1" cells in the PROX1" BVs further
suggests that the LEC clusters in the early postnatal menin-
ges could be BV-derived (Oliver and Alitalo, 2005). Further
genetic lineage tracing should be used to map the origin and
fate of the clusters and meningeal LVs.

An abundant LYVE1"/PROX17/CD206"/F4/80"
macrophage-like cell subpopulation was associated with the
developing LYVE1"/PROX1" LVs, disappearing gradually
during further LV development, perhaps because of Lyvel
down-regulation. Such cells were again observed when men-
ingeal LV development was arrested in pups or their regres-
sion induced in adults upon VEGF-C-VEGFR3 signaling
interference, which inhibits LEC growth and survival (Miki-
nen et al., 2001). The LYVE1"/CD206"/F4/80" macro-
phage-like cells may promote LV growth by secreting growth
factors (e.g., VEGF-C), or they may transdifferentiate into
LEC:s that integrate into the growing LVs, hence disappearing
during later developmental stages (Schoppmann et al., 2002;
Kerjaschki, 2014). The CD206°/F4/80" macrophage-like
cells that persisted and coated LYVE1" LVs in adult mice ac-
cumulated 1.c.v.-injected ovalbumin, suggesting that at least
part of the tracer associated with the meningeal LVs is taken
up by these cells. This is interesting, as CD206 is an endocytic
receptor for ligands of microbial and endogenous origin and
involved in antigen delivery that may contribute to T cell
differentiation and activation (Martinez-Pomares, 2012). The
recently identified cd206*/lyvel”/prox1* paravascular and
selectively phagocytotic cell population (muLEC, BLEC, or
FGP cells) in zebrafish brain resembles both CD206" mac-
rophage-like cells and LECs (Bower et al., 2017; van Lessen
et al., 2017; Venero Galanternik et al., 2017), although the
zebrafish cells do not appear to form LVs. Further work
should elucidate whether these cells share analogous func-
tions with the LYVE1"/CD206"/F4/80" cells we observed
in mouse meninges. Further studies should also resolve the
tracer-specific CNS exit pathways including meningeal LVs
and the conserved and divergent properties of the associated
phagocytes attached to them along the arteries and veins. In
fact, part of fluorescent macromolecules that accumulated
along meningeal LVs after intracerebral injection may reside
in such cells (Aspelund et al., 2015).

As previously reported for cutaneous LVs (Karkka-
inen et al., 2004), we found severe hypoplasia of the men-
ingeal LVs in heterozygous Vegfc knockout mice, whereas
Vegfd knockout mice showed no LV phenotype or Vegtc
up-regulation (Honkanen et al., 2016). This indicates that
Vegfd is dispensable for meningeal lymphatic develop-
ment. By analysis of a series of mice with hypomorphic
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Vegtc alleles, or their conditional deletion, we estimate that
at least 50=75% of the WT level of Vegfc mRNA is re-
quired for normal meningeal lymphatic development. Thus,
the meningeal LVs are considerably more sensitive to de-
creased Vegfc expression than cutaneous or intestinal LVs
(Nurmi et al., 2015). Consistent with the mostly gravita-
tional down flow of lymph from the cephalic region, the
meningeal LVs appeared to be devoid of SMCs and thus
of lymphangions typical for collecting LVs. However, the
LVs were located in close proximity to the blood vascu-
lar SMCs, which appeared to be also the main source of
VEGF-C in the meninges. Unlike pial BVs, dural BVs
develop postnatally,and VEGF-C levels have been reported to
rise during SMC differentiation in vitro, which, together with
proteolytic activation of VEGF-C, may regulate the timing of
meningeal LV development (Mack et al., 2009; Jeltsch et al.,
2014). Strong VEGF-C expression was also found in the pitu-
itary and pineal glands, which may provide hubs for coordi-
nation of the meningeal LV and endocrine BV development.
Although the VEGF-C production in SMCs most certainly
guides the development of meningeal LV, factors involved in
VEGF-C activation (CCBE1, ADAMTS3, and possibly other
proteases) and those produced by blood vascular SMCs, such
as CXCL12, probably also contribute to their development
(Cha et al., 2012; Jha et al., 2017).

Although expression of VEGF family ligands via viral
vector injection directly into mouse brain parenchyma pro-
duces dose-dependent vessel leakage (Gail et al., 2013),
the i.c.v. injection of AAV-VEGF-C stimulated meningeal
lymphangiogenesis without blood vascular side effects in the
meninges or BBB. However, the spinal meningeal LVs were
not affected by 1.c.v. injection of AAV-VEGEF-C in pups or
adult mice, suggesting either that they are less sensitive to
VEGEF-C than cephalic LVs or that the VEGF-C concentra-
tion in the spinal meninges was insufficient after i.c.v. delivery
of the vector. Further studies should address whether differ-
ent administration routes, concentrations, or longer periods of
VEGEF-C expression lead to maturation and increased drainage
function of newly generated LVs, as shown for the functional
reconstitution of LVs after LN evacuation in mouse axilla
(Tammela et al., 2007).

Global deletion of Vegfr3 in pups led to nearly com-
plete lack of the meningeal LVs; only minor LV fragments
persisted in the basal part of the cranium. Neonatal admin-
istration of VEGF-C/D trap resulted in complete and sus-
tained loss of meningeal LVs inside the cranium and the spinal
canal. Administration at P21 led to similar loss of LVs next to
dural sinuses, but only partial LV atrophy at the skull base and
in the spinal canal. VEGE-C/D trap administration to adult
mice led to a prolonged depletion of the parasinusoidal LVs,
which regressed within days after blocking of the VEGFR3
signal transduction pathway. The order in LV development
thus seems to inversely correlate with LV stability, so that the
newly developed vessels are the most vulnerable ones to de-
pletion of growth factor signals.
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VEGEFR signaling inhibitors are currently used in can-
cer therapy because most antiangiogenic VEGFR tyrosine
kinase inhibitors target all three members of the VEGFR
family (Welti et al., 2013). It was thus of interest to study
whether clinically used VEGFR inhibitors induce lymphatic
regression in the meninges. We chose to use sunitinib, which
has been approved as a treatment of renal cell carcinoma and
gastrointestinal stromal tumor (Faivre et al., 2007). A suni-
tinib dosage that inhibits all VEGFRs has been reported to
cause pruning of blood capillaries in several tissues (Kamba
et al., 2006). Sunitinib administration led to a significant
reduction of the LV coverage in only 2 wk, particularly in
vessels flanking the SSS. Interestingly, the LVs recovered par-
tially during a 4-wk period after the termination of drug
dosing. Despite the partial regrowth of the LVs after suni-
tinib withdrawal, even a transient lack of these vessels could
have consequences (e.g., neurological symptoms in patients
who undergo sunitinib treatment). In this regard, it should
be noted that sunitinib has several side effects, some of which
(such as fatigue and anorexia) could originate from CNS dys-
function (Aparicio-Gallego et al., 2011). Sunitinib treatment
is usually intermittent but long-term. If LV pruning occurs in
sunitinib-treated patients, drug holidays of sufficient length
should allow their regrowth. Interestingly, drug adherence
was significantly higher in metastatic renal cell cancer patients
who received sunitinib according to the standard schedule
(50 mg, 4 wk on and 2 wk off) than in patients who received
sunitinib with more frequent but shorter drug holidays (At-
kinson et al., 2014). Such patients also better tolerated the
drug and had fewer severe adverse events, which often lead to
discontinuation of the treatment.

Our novel findings showing the unique dependence
of adult meningeal LV maintenance on VEGF-C-VEGFR3
signaling should thus provide means to create mouse mod-
els that lack LVs selectively in the cranial meninges and that
have a functional decline in CSF transport. Hence, a selective
meningeal LV ablation should be feasible when all other LVs
have been formed (Karpanen et al., 2006; Nurmi et al., 2015).
Moreover, as the K14-VEGFR3-Ig transgenic mice lacking
LVs in several tissues show autoimmune features (Mikinen et
al., 2001; Card et al., 2014), our results provide an improved
new model involving conditional deletion or functional
blocking of VEGFR3 in adult mice and a tool to ablate the
meningeal LVs without affecting the development of the im-
mune system. This should be of particular interest in studies
of neuroinflammation. For example, the effect of interruption
of lymphatic transport on antigen presentation in draining
LNs needs to be carefully analyzed. Selective meningeal LV
deletion using these new tools should provide a novel under-
standing of the role of meningeal LVs in health and disease.

As the aforementioned results and considerations in-
dicate, meningeal LVs are also present in primates, and the
VEGF-C/D-VEGFR3 pathway possesses significant poten-
tial for therapeutic targeting of the CNS. Besides its ability to
induce LV growth, VEGF-C is known to stimulate the con-
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tractile activity of SMCs around collecting LVs (Gogineni et
al., 2013). Furthermore, as drugs that affect the contractile
activity of collecting LVs can increase CSF outflow (Kim et
al., 2014), increasing meningeal LVs and their drainage ca-
pacity by lymphangiogenic growth factor stimulation could
provide therapeutic benefits for patients with Alzheimer’s dis-
ease, stroke, or traumatic brain injury. VEGF-C gene therapy
is already being used to treat lymphedema patients in phase 1
clinical trial (NCT02994771). The design of a safe and spe-
cific way of promoting therapeutic lymphatic expansion and
improved outflow of fluid, cells, and macromolecules from
the CNS could thus be possible if, for example, spatial and
temporal control of the delivery and proteolytic activation
of VEGF-C can be achieved. Future studies should aim at
determining whether improving the function of meningeal
LVs could be used in the prevention or treatment of different
neuropathological conditions.

MATERIALS AND METHODS

Study approval

The study was approved by the Committee for Animal Ex-
periments of the District of Southern Finland. The experi-
ments performed at Yale were approved by the Institutional
Animal Care and Use Committee of Yale University.

Mice and genetic deletions
The Prox1-eGFP (backcrossed six to eight times to
C57BL/6]JOlaHsd background mice; Choi et al., 2011),
Vegfc™ 4 (Hsd:ICR(CD-1); Karkkainen et al., 2004),
Vegfd’~ (C57BL/6J; Baldwin et al., 2005), Vegfc/f
(C57BL/6]; Aspelund et al., 2014), Vegfi3"/* (C57BL/6J;
Haiko et al., 2008), Ro0sa26-CreER™ (C57BL/ 6]; Ventura
et al., 2007), and BAC Vegfr3:YFP (C57BL/6]; Calvo et al.,
2011) transgenic mouse lines have been previously described.
Littermate mice were used as controls. For WT analysis,
C57BL/6] or C57BL/OlaHsd background mice were used.
In the conditional mice (Vegfc®®?, Vegfr3“R%, and
their Cre-negative littermates), gene deletions were done ac-
cording to different experimental protocols depending on the
age and experimental setting. For analysis at P21, P1-P5 mice
received intragastric (1.g.) injections 2.5 pl/day of 25 mg/ml
4-OH-tamoxifen dissolved in ethanol (Sigma-Aldrich). Be-
cause 4-OHT administration for Vegfc®*? mice at the early
postnatal time points causes ascites and can compromise sur-
vival, the mice analyzed at 10 wk of age received 30 ul/day of
a4 ul/26 pl 4-OHT-ethanol/sunflower oil mixture i.p. during
P8-10 (Pitulescu et al., 2010). 8-wk-old Vegfi3“*% mice
were treated with three consecutive 1.g. doses of 20 mg/ml
tamoxifen (Sigma-Aldrich, MO) dissolved in 100 ul corn oil.

Tissue preparation

Mice were given a lethal dose of ketamine and xylazine
and perfusion-fixed through the left ventricle with ice-cold
1% paraformaldehyde (PFA) in PBS or with PBS only (for
Prox1-eGFP mice) after puncture of the right auricle. Head
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dissection was done by insertion of a fine pair of scissors to
the CM and by cutting along the lines of the parietal bone
until the rostral part was reached on both sides. The parietal
bone was then removed carefully, taking extra care not to
harm the attached dura mater. For the basal part of the skull,
the brain was carefully removed and spinal canal was opened
by making incisions alongside the lateral sides of the spinal
canal. Extra care was taken that the surgical tools do not come
close to the FM area or the ventral and dorsal parts of the
spinal canal. The dissected tissues were immediately immersed
in ice-cold 4% PFA, fixed overnight at +4°C, washed in PBS,
and processed for staining.

Whole-mount staining and cryoimmunostaining

For whole-mount staining of the meninges, the fixed tis-
sues were permeabilized with 0.3% Triton X-100 in PBS
(PBS-TX) at room temperature (RT) and blocked with 5%
donkey serum/2% bovine serum albumin/0.3% PBS-TX
(DIM). Primary antibodies were diluted in DIM, and samples
were incubated in the primary antibody mix at least over-
night at 4°C. After washes with PBS-TX in RT, the tissues
were incubated with fluorophore-conjugated secondary an-
tibodies in PBS-TX overnight at 4°C, followed by washing
in PBS-TX at RT. After postfixation in 1% PFA for 5 min,
after washing with PBS, the stained samples were transferred
to PBS containing 0.05% sodium azide (NaNj) at 4°C and
imaged as soon as possible.

For whole-mount staining of the dcLNs, the whole-
mount protocol was used, as described in the previous para-
graph, with an additional day of incubation with the primary
antibodies. LNs were mounted with Vectashield mounting
medium (Vector Laboratories) between two thin cover glasses
without applying any extra pressure, sealed with Cytoseal 60
(Thermo Fisher Scientific), and imaged immediately.

For the whole-mount preparations of skullcaps of
Vegfr3:YFP mice, P14 mice were perfused with 2% PFA
solution, and the heads were fixed in 4% PFA for 24 h at 4°C
and incubated in PBS with 5% sucrose for 5—6 d at 4°C (until
they sunk to the bottom of the tube). For immunolabeling,
skullcaps were incubated in PBS containing 5% donkey serum
and 2% Triton X-100 for 2 h at RT, followed by incubation
with primary antibodies in PBS containing 3% donkey serum
and 0.2% Triton X-100, overnight at 4°C. After washing with
0.2% PBS-TX three times, the skullcaps were incubated
with fluorophore-conjugated secondary antibodies in PBS
with 3% donkey serum for 2 h at RT. After three washes
with 0.2% PBS-TX, skullcaps were flattened by making
incisions in the lateral parts, mounted with fluorescent
mounting medium (Dako), sealed with Cytoseal 60, and left
to dry with hairpin clamps.

For floating sections of the brain in the BBB experi-
ment, 1-mm-thick brain sections of the second hemisphere
were obtained using a vibratome. Sections were incubated in
PBS containing 5% donkey serum and 2% Triton X for 2 h at
RT, followed by overnight incubation with primary antibod-
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ies in PBS with 3% donkey serum and 0.2% Triton X at 4°C.
After washing with 0.2% PBS-TX three times, the sections
were incubated with fluorescent dye—conjugated secondary
antibodies in PBS with 3% donkey serum for 2 h at RT. After
three washes with 0.2% PBS-TX, the sections were mounted
with fluorescent mounting medium (Dako) between a glass
slide and cover glasses.

For cryosections of the skull and spinal canal, the fixed
tissues underwent decalcification with 0.5 M EDTA, pH
7.4, at 4°C. When the bone was soft, samples were washed
thoroughly with PBS and immersed in PBS containing 20%
sucrose and 2% polyvinylpyrrolidone for 24 h at 4°C, embed-
ded in OCT compound (Tissue-Tek), and frozen for stor-
age at —80°C. 50-100-pm-thick sections were cut using a
cryostat (Microm HM 550/CryoStar NX70; Thermo Fisher
Scientific), air-dried, encircled with a pap pen, permeabilized
with 0.3% PBS-TX, washed with PBS, and blocked in DIM
at RT. After overnight primary antibody incubation at 4°C in
DIM, the sections were washed with PBS and incubated with
the appropriate fluorophore-conjugated secondary antibodies
diluted in 0.3% PBS-TX for 1-2 h at RT. After washes with
PBS, the sections were postfixed with 1% PFA for 5 min at
RT, washed with PBS, mounted with Vectashield mounting
medium (Vector Laboratories), sealed with Cytoseal 60, and
imaged as soon as possible.

X-gal staining

For X-gal staining of skulls, Vegfc mice were perfused
transcardially with ice-cold PBS. Collected tissues were fixed
with 0.2% glutaraldehyde and stained with B-galactosidase
substrate X-gal (Promega) using a previously published pro-
tocol (Karkkainen et al., 2004).

LacZ/+

Marmoset dura

Marmoset skullcaps with the attached meninges were pro-
vided by the Deutsches Primatenzentrum GmbH, Leibniz
Institute for Primate Research in Géttingen, Germany and
Biomedical Primate Research Centre in Rijswijk, Nether-
lands. For whole-mount immunostaining, the meninges were
carefully peeled oft from the parietal bone, pinned onto a
silicon plate, and stained with the common whole-mount
protocol for meninges described above.

EdU proliferation assay

P16 mice were given an 1i.p. injection of 5 mg/ml EdU (in
100 pl) in 0.9% saline. 6 h later, the mice were sacrificed as
described in the Tissue preparation section. For EAU detec-
tion, the Click-iT Alexa Fluor 594 Assay kit (Invitrogen) was
used according to the manufacturer’s protocol.

Antibodies

The following primary antibodies were used for immuno-
staining of mouse tissues: rat anti-mouse CD31 (1:500;
clone MEC 13.3, BD), goat anti-mouse podocalyxin (1:500,
AF1556; R&D Systems), chicken anti-GFP (1:300, ab13970;
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Abcam), rabbit anti-mouse PROX1 (1:200; Petrova et al.,
2008), goat anti-human PROX1 (1:200, AF2727, R&D
Systems), polyclonal rabbit anti-mouse LYVE1 (1:1,000;
Karkkainen et al., 2004), rat anti-mouse LYVE1 (1:300,
MAB2125; R&D Systems), polyclonal goat anti-mouse VEG
FR3 (1:50, AF743; R&D Systems), goat anti-CCL21 (1:500;
R&D Systems), Syrian hamster anti-mouse podoplanin
(1:50, 8.1.1-s; DSHB), rabbit anti-aSMA (1:400, ab5694;
Abcam), goat anti-mouse CD206 (1:400, AF2535; R&D
Systems), rat anti-mouse F4/80 (1:300, MCA497R; Bio-
Rad/AbD Serotec), mouse anti-Glutl (1:400; Abcam) and
goat anti—VE-Cadherin (1:400,AF-1002; R&D Systems). For
the marmoset meninges, mouse anti—human CD31 (1:400;
DAKO), and goat anti-human PROX1 (1:200, AF2727;
R&D Systems) were used. The primary antibodies were
detected with the corresponding Alexa Fluor 488—, 594—,
or 647—conjugated secondary antibodies (1:500, except for
Vegtr3:YFP skullcaps and floating sections of the brain in
1:1,000; Molecular Probes/Invitrogen).

AAV transduction

For ip. AAV transduction, adult C57BL/6JOlaHsd mice
(8=10 wk) received a single i.p. dose (10" viral particles in
200 pl) of a recombinant AAV encoding the ligand bind-
ing domains 1—4 of VEGFR3, fused to the IgG Fc domain
(AAV—-mVEGFR3_;-Ig; Fang et al., 2016). Control mice re-
ceived AAV encoding the domains 4-7 of VEGFR3 (that do
not bind VEGF-C or VEGF-D) fused to the IgG Fc domain
AAV-mVEGFR3, ;-Ig (Alitalo et al., 2013).

For i.c.v. AAV transduction, a single dose (10" viral par-
ticles per mouse in 4 pl) of AAVs encoding VEGF-C (Ani-
simov et al., 2009) or AAV-mVEGFR3,_,-Ig was injected
i.c.v. into adult male C57BL/6JOlaHsd mice of 8-9 wk of
age. Control mice received the same number of particles of
AAV without payload or AAV-mVEGFR 3, ;-Ig, respectively.
Mice were anesthetized with isoflurane (induction 4%, main-
tenance 2%) and placed in a stereotactic apparatus (Stoelting).
AAV injections were conducted unilaterally into the lateral
ventricle (A/P:0.3; M/L: 1.0; D/V —2 mm below dural sur-
face). A small burr hole was drilled with a micromotor drill
(Stoelting). Intracranial injections were done with the aid of
the mouse brain atlas of Paxinos and Franklin (Paxinos and
Franklin, 2001), using a 33-G, 10-pl microsyringe (NanoFil;
World Precision Instruments). A stereotactic microinjector
(Stoelting) was used (How rate 0.5 pl/min, volume 4 pl), and
after completion of each injection, the needle was kept in
place for 4 min in order to minimize backflow of the AAV
solution. 5.0 mg/kg carprofen (administered subcutaneously)
was used to relieve postoperative pain, and lidocaine was
used as a local anesthetic.

For AAV transduction via an i.c.m. injection, Vegfr3
:YFP pups (P7) were anesthetized by 1.p. injection of 50 mg/
kg ketamine and 5 mg/kg xylazine, after which a single 2-ul
dose (107 viral particles per microliter) of AAV-VEGF-C,
AAV-mVEGFR3,_,-Ig, or PBS (mock) was injected into the
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CM using a Hamilton syringe with a 34-G needle and flow
rate of 0.5 pl/min. PBS was used as a control. The needle
tip was retracted 2 min after the injection. The pups were
euthanized at P14 using an overdose of isoflurane.

The AAVs of serotype 9 were produced by the AAV
Gene Transfer and Cell Therapy Core Facility, HIiLIFE, Uni-
versity of Helsinki (He et al., 2005; Bry et al., 2010).

BBB leakage assay

To measure BBB integrity, an EB leakage assay was per-
formed as previously published (Heinolainen et al., 2017)
with the following modifications. Mice with the indicated
AAV treatments were anesthetized with 50 mg/kg ketamine
and 5 mg/kg xylazine and injected i.v. with 100 pl of 3%
EB in PBS. After 1 h, mice were terminally anesthetized and
perfused via intracardiac delivery of 25 ml ice-cold PBS.The
brains were halved in sagittal plane, weighed, and minced in
500 pl of deionized formamide. Mice that were used as pos-
itive controls for BBB leakage were injected with 10 mg/kg
LPS (from Escherichia coli 0111:B4; Sigma-Aldrich) i.p. 3 h
before the EB administration.

Sunitinib treatment

Sunitinib treatment was performed as previously described
(Nurmi et al., 2015). In brief, 8-wk-old male C57BL6/
OlaHsd mice were administered 60 mg/kg sunitinib (Sutent;
Pfizer) diluted in vehicle (1.8% NaCl, 0.1% Tween 20, and
0.5 carboxymethyl cellulose) or vehicle daily via oral gavage
(1.g.) for 2 wk.The acute group was euthanized and analyzed
immediately after this period. The rest of the mice were left
to recover for 4 wk and analyzed thereafter.

i.c.v. tracer injections
For the microsphere drainage assay, the mice were anesthetized
by i.p. injection of 100 mg/kg ketamine and 10 mg/kg xyla-
zine in saline and prepared for i.c.v.injection as descibed in the
AAV transduction section. 500 nm fluorescent microspheres
(FluoSpheres carboxylate red; Invitrogen) were blocked with
1% BSA for 1 h, washed in PBS three times, and finally di-
luted 1:250 in artificial CSF (Perfusion fluid; M Dialysis AB).
A 33-G WPI needle (World Precision Instruments) attached
to a stereotactic microinjector (Harvard Apparatus) was slowly
lowered to the right lateral ventricle coordinates (A/P: —0.34;
M/L: 1.0 D/V: —=2.5 mm below dural surface) and kept in
place for 2 min before starting the injection. 4 pl of diluted
microspheres was injected into the right lateral ventricle at
the rate of 0.5 pl/min. The needle was slowly retracted 4 min
after the injection, the skin was closed with metallic clips and
the mice were placed into a warm chamber to recover. After
3 h, the mice were terminally anaesthetized, perfused with 1%
PFA, tissues were harvested and processed for whole mount
staining, as indicated in the Tissue preparation section.

For the A647-OVA uptake into meningeal LVs, 4 pl of
5 mg/ml A647-OVA (Molecular Probes) in sterile PBS was
injected as described in the previous paragraph. After 2 h, the

3663



mice were terminally anesthetized, perfused with 1% PFA, tis-
sues were harvested and processed for whole mount staining.

Microscope image acquisition, processing, and analysis
Fluorescent stereo micrographs of stained samples were
obtained by using an Axio Zoom.V16 fluorescence ste-
reo zoom microscope (Carl Zeiss) equipped with an
ORCA-Flash 4.0 digital sCMOS camera (Hamamatsu
Photonics) or an OptiMOS sCMOS camera (QImaging).
The ZEN 2012 software (Carl Zeiss) was used for image
acquisition. Image brightness and contrast were adjusted
using Image] (Version 1.50g, National Institutes of Health)
or Photoshop (Version CS5, Adobe) software. Quantitative
analysis was done using Image] software. PROX1*/LYVE1"
meningeal LVs were detected and quantified semiautomat-
ically using Fiji software and AngioTool (Zudaire et al.,
2011). Highlighted LVs were measured and reported as area
fraction of region of interest.

Laser scanning confocal micrographs of the fluores-
cently labeled skull and spinal canal cryosections and dcLNs
flat mounts were performed using a Carl Zeiss LSM 780 con-
focal microscope (air objectives 10X Plan-Apochromat with
NA 0.45 and 20X Plan-Apochromat with NA 0.80, oil ob-
jective 40X Plan-Neofluar with NA 1.3) with multichannel
scanning in frame. Zen 2011 software (Carl Zeiss) was used
for image acquisition. The resulting micrographs were ren-
dered to maximum intensity projections. For the dcLNs, the
LN area was outlined based on LYVE1 staining. The number
of beads within the LNs was quantified using Fiji software
and reported relative to LN size.

Laser scanning confocal micrographs of the fluorescently
labeled brain and whole-mount skullcap preparations of
Vegtr3:YFP mice were acquired using a Leica TCS SP8
confocal microscope (air objectives 10X Plan-Apochromat
with NA 0.45 and 25X Plan-Apochromat with NA 1.1)
with multichannel scanning in-frame. LV area was measured
using Fiji software and reported relative to total skullcap area,
which was measured with the same software by encircling the
visible skull area. For BV branching and area quantification,
the CMM Analyser Software developed by N. Elie was
used (Koch et al., 2011).

Western blotting

VEGFR3,_4-Ig and VEGFR3, ;-Ig proteins in serum were
detected by Western blotting of 0.5-pl serum samples col-
lected at the indicated time points. Mouse VEGFR3 domains
1-4 and 4-7 were detected with polyclonal goat anti-mVEG
FR3 antibodies against the extracellular domain of VEGFR3
(1:1,000,AF743; R&D Systems).

Quantitative real-time PCR

Pituitary gland (hypophysis) samples were harvested from
PBS-perfused mice and snap frozen in liquid nitrogen.
Total RNA was extracted using TRIsure (Bioline) with
phenol-chloroform followed by column isolation using
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Nucleospin RNA kit (Macherey Nagel) following the man-
ufacturer’s instructions. cDNA was synthesized from 500 ng
total RNA using the High Capacity Reverse Transcription
kit (Applied Biosystems). Quantitative real-time PCR was
performed using the following primer pairs: Vegfc-F: 5'-GAG
GTCAAGGCTTTTGAAGGC-3"; Vegfc reverse: 5'-CTG
TCCTGGTATTGAGGGTGG-3'; 36b4 forward: 5'-GGA
CCCGAGAAGACCTCCTT-3'; 36b4 reverse: 5'-GCACAT
CACTCAGAATTTC-3". Quantitative PCR reactions were
performed with FastStart SYBR green master mix (Roche)
and a BIO-RAD C1000 Thermal cycler according to a stan-
dardized protocol, and gene expression fold changes were cal-
culated using the 2744T method.

Statistical analysis

All experiments were repeated at least twice, unless otherwise
stated. All values are expressed as mean + SEM. Quantita-
tive data between two groups were compared with unpaired,
two-tailed Student’s ¢ test;a Welch correction was applied for
groups with unequal variances. Comparisons between three or
more groups were done using one-way ANOVA with Tukey’s
post hoc test. Statistical analyses were done using GraphPad
Prism V7.0 for MacOSX (GraphPad Software). Differences
were considered statistically significant at P < 0.05.

Online supplemental material

Fig. S1 shows the postnatal development of the meningeal
lymphatic network. Fig. S2 shows meningeal LVs in aged
mice and marmosets and uptake of ovalbumin into macro-
phage-like cells beside the meningeal LVs. Fig. S3 shows that
VEGEF-C, but not VEGEF-D, is necessary for normal menin-
geal LV development. Fig. S4 shows additional images for
the requirement of VEGFR-3 for meningeal LV develop-
ment. Fig. S5 shows the effects of inhibition or stimulation of
VEGF-C-VEGFR3 signaling on the growth of meningeal LVs.
Table S1 shows the statistical data for quantifications for the
indicated panels in the main figures.
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