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SUMMARY
The molecular mechanisms by which lymphatic vessels induce cell contact inhibition are not understood.
Here, we identify the cGMP-dependent phosphodiesterase 2A (PDE2A) as a selective regulator of lymphatic
but not of blood endothelial contact inhibition. Conditional deletion of Pde2a in mouse embryos reveals se-
vere lymphatic dysplasia, whereas blood vessel architecture remains unaltered. In the absence of PDE2A,
human lymphatic endothelial cells fail to induce mature junctions and cell cycle arrest, whereas cGMP levels,
but not cAMP levels, are increased. Loss of PDE2A-mediated cGMP hydrolysis leads to the activation of p38
signaling and downregulation of NOTCH signaling. However, DLL4-induced NOTCH activation restores junc-
tional maturation and contact inhibition in PDE2A-deficient human lymphatic endothelial cells. In postnatal
mouse mesenteries, PDE2A is specifically enriched in collecting lymphatic valves, and loss of Pde2a results
in the formation of abnormal valves. Our data demonstrate that PDE2A selectively finetunes a crosstalk of
cGMP, p38, and NOTCH signaling during lymphatic vessel maturation.
INTRODUCTION

Dynamic remodeling of endothelial cell (EC)-cell contacts pro-

vides the prerequisite for initial sprout formation at the onset of

lymphatic and blood vascular development.1,2 At later stages,

cell junctions mature, and vessel integrity is established to

form the endothelial barrier between the lymph or blood and

the surrounding tissue.3

ECs exit their cell cycle and undergo cell contact inhibition

upon confluency. Formation of stable junctions in blood ECs

(BECs) induces intracellular signals that restrain the capacity of

the cells to respond to proliferative signals.4 Furthermore,

vascular endothelial (VE)-cadherin-mediated signaling,5,6 YES-
308 Developmental Cell 59, 308–325, February 5, 2024 ª 2023 The A
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associated protein 1 (YAP1),7 and NOTCH signaling8 have

been shown to control BEC contact inhibition. Although this pro-

cess has been extensively studied in BECs, little is known about

the molecular mechanisms by which contact inhibition is

induced during development of the lymphatic vasculature,

despite its key role in fluid homeostasis, fat absorption, and im-

mune cell transport and in diseases, such as lymphedema, can-

cer, and immunological dysfunction.9

Dynamics of the endothelial barrier are further controlled by the

combined action of intracellular signals, such as TIE, NOTCH,

FOXC2, GTPase, and cyclic nucleotide signaling,10–13 and extra-

cellular factors, such as fluid mechanics and matrix stiffness.14,15

To this end, lymphatic ECs (LECs) and BECs are equipped with
uthor(s). Published by Elsevier Inc.
commons.org/licenses/by/4.0/).
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Figure 1. PDE2A is enriched in lymphatic endothelial cells

(A) Representative immunofluorescence staining of HDLECs, grown on polyacrylamide stiffness substrates ranging from 0.1 to 25 kPa, using an antibody against

VE-cadherin (red), phalloidin (green, to visualize actin), and DAPI (blue). Single channel images for DAPI are shown. Scale bars, 50 mm.

(B) Global transcriptome analysis of HDLECs and HUVECs grown on physiological 4 kPa stiffness substrates. Number of enriched transcripts (n = 3 biological

replicates) in HDLECs and HUVECs are shown. Among these, differentially regulated transcripts associated with Gene Ontology (GO) terms of junctional for-

mation and maintenance were selected.

(legend continued on next page)
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a plethora of similar molecules, which can havemultifaceted roles

in different EC types and developmental stages. For example,

deletion of VE-cadherin (Cdh5) is dispensable for junctional main-

tenanceofmaturebloodvessels inmouseskinandbrain,16mature

mouse dermal lymphatic vessels (LVs),17 and cell-cell junctions of

human dermal LECs (HDLECs).18 Recent findings further showed

that the receptor tyrosine kinase EphB4 selectively regulates the

junctional integrity of postnatal and adult lymphatics18 and adult

cardiac capillaries.19

Cyclic nucleotide phosphodiesterases (PDEs) comprise a su-

perfamily ofmetallophosphohydrolases that specifically hydrolyze

the second messenger cyclic adenosine monophosphate (cAMP)

and/or cyclic guanosine monophosphate (cGMP) to AMP and

GMP, respectively. In mammals, the PDE protein family can be

divided into three groups depending on their substrate selectivity:

cAMP-specific, cGMP-specific, and PDEs with dual specificity.

Among the latter category, the cAMP/cGMP-converting enzyme

PDE2 is the only cAMP-hydrolyzing PDE, which is allosterically

activated by cGMP. Due to this unique role, PDE2 has been sug-

gested to play a role at the center of the crosstalk between

cGMP and cAMP signaling.20 In BECs, relative expression levels

of phosphodiesterase2A (PDE2A) andanotherPDE, the cGMP-in-

hibited PDE3A, have been shown to regulate blood endothelial

junctions,21,22 but the function of PDE2A in LECs is not known.

Here, we studied the role of the PDE2A in lymphatic develop-

ment and junctional integrity using conditional Cre/loxP-medi-

ated gene deletion inmice and corresponding analysis in primary

human LECs. We found that mouse embryos developed severe

lymphatic dysplasia upon the deletion of endothelial Pde2a,

whereas large blood vessels were unaltered. In the absence of

PDE2A, human LECs failed to induce mature CLDN5High junc-

tions and cell cycle arrest. Consistent with defective junctional

maturation, loss of endothelial Pde2a expression in mice inter-

fered with lymphatic maturation and blocked contact inhibition

at later stages during embryonic development. During postnatal

development, PDE2A was enriched in lymphatic valves of col-

lecting and large pre-collecting mesenteric LVs , and

lymphatic-specific deletion of Pde2a resulted in abnormal

lymphatic valves. Unexpectedly, lymphatic cGMP levels, but

not cAMP levels, were increased in PDE2A-deficient LECs.

Intriguingly, dysregulated lymphatic cGMP was associated

with increased p38 phosphorylation and reduced NOTCH

signaling, whereas exogenous activation of NOTCH via its ligand

Delta-like 4 (DLL4) was able to restore CLDN5High expression

and junctional maturation. Our data uncover a selective mecha-

nism of lymphatic maturation via the previously unappreciated

PDE2A/cGMP/p38/NOTCH axis.

RESULTS

Expression of the PDE2A is enriched in LECs
During embryonic development, lymphatic endothelial progeni-

tors and venous ECs within the cardinal vein experience extra-
(C) Heatmap of selected enriched transcripts in HDLECs and HUVECs.

(D) Relative mRNA expression levels of PDE2A and PDE3A in HDLECs and HUV

t test.

(E) Western blot analysis and quantification of PDE2A (n = 4 independent experim

HUVECs. VE-cadherin was used as endothelial loading control. Mean ± SEM, p
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cellular matrix (ECM) stiffness around 4 kPa.23 They are tightly

attached to the underlying basementmembrane and show a flat-

tened, spread-out monolayer morphology, whereas in a soft

microenvironment (0.2 kPa), lymphatic endothelial progenitors

preferably migrate.23 Similarly, human LECs in culture switch

from a migratory, spindle shape phenotype on very soft sub-

strates (0.1 kPa) to a flattened morphology with the capacity to

form a continuous monolayer on moderate stiffness substrates

(4 kPa) (Figure 1A).

To identify potential selective regulators of lymphatic and BEC

junction formation and vessel maturation in a physiological

stiffness environment that reinforces junctional integrity, we per-

formed global transcriptome analysis (RNA sequencing [RNA-

seq]) of lymphatic (HDLECs) and venous ECs (human umbilical

vein ECs [HUVECs]) grown on 4 kPa stiffness substrates. RNA-

seq analysis revealed cell type-specific upregulation of 2,416

and 1,978 transcripts in HDLECs and HUVECs, respectively

(log2-fold change >0.5 or <�0.5) (Figure 1B). Within these upre-

gulated transcripts, we identified 130 HDLEC transcripts and 67

HUVEC transcripts that were annotated to Gene Ontology (GO)

terms related to endothelial junction formation and maintenance

(Figure 1B).

The junctional molecules VE-cadherin (CDH5) and CD31

(PECAM1) were not differentially expressed between both cell

types in vitro. However, mRNA levels of claudin 5 (CLDN5) and

EphrinB2 (EFNB2), which we have previously identified to regu-

late LEC junctions,18 were upregulated in HDLECs (Figure 1C).

Notably, strongly enriched transcripts included the PDEs

PDE2A (upregulated in HDLECs) versus PDE3A (upregulated in

HUVECs) (Figure 1C), of which the relative expression levels

have been shown to regulate blood endothelial permeability.21

Quantitative real-time PCR analysis of HDLECs and HUVECs

grown for 72 h confirmed RNA-seq findings and showed an

8.3-fold decrease of PDE2A and an 8.1-fold increase of PDE3A

mRNA levels in HUVECs compared with HDLECs (Figure 1D).

Similarly, PDE2A and PDE3A showed inverse protein expres-

sion levels in HDLECs compared with HUVECs (Figure 1E). We

therefore sought to analyze if enriched expression of PDE2A in

LECs could reflect a unique role of this PDE for regulation of

lymphatic junctions compared with venous blood endothelial

junctions.

Endothelial-specific deletion of Pde2a results in severe
dysplasia of the embryonic lymphatic vasculature
Consistent with our human data, single-cell RNA-seq (scRNA-

seq) data from the Tabula muris database24 show enrichment

of Pde2a gene expression in LECs. Using literature-curated

marker genes of cell phenotypes, we exemplarily identified an

LEC cluster in mouse lungs (Figure S1A), which showed a high

expression of Pde2a in LECs and a low expression of Pde3a in

pulmonary ECs with a main presence in non-EC types

(Figures S1B and S1C). We therefore focused on the analysis

of PDE2A function in LECs in vivo.
ECs from n = 3 independent experiments. Mean ± SEM, p value: one-sample

ents) and PDE3A (n = 3 independent experiments) expression in HDLECs and

value: unpaired Student’s t test.
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Global deletion of Pde2a (Pde2a�/�) results in embryonic

lethality around embryonic day (E)14.5–15.5, suggested to be

caused by anemia, hemorrhages, and reduced fetal liver

size.25–27 In order to specifically investigate the role of PDE2A

in LECs and BECs, we ablated Pde2a expression in BECs prior

to LEC commitment using Tie2-Cre mice in combination with a

newly generated floxed Pde2a allele (Figures 2A, S2A, and

S2B). Efficient deletion of endothelial Pde2a was demonstrated

by real-time PCR in E14.5-sorted CD31+;podoplanin (PDPN)+

LECs (77%) and CD31+;PDPN� BECs (91%) (Figure 2B). Anal-

ysis of immunostained transverse vibratome sections of E13.5

and E14.5 embryos revealed massive enlargement of prospero

homeobox 1 (PROX1)+ lymph sacs in Pde2aflox/flox; Tie2-Cre em-

bryos compared with Cre-negative control embryos (Figures 2C,

S3C, and S3D).

Furthermore, Pde2aflox/flox; Tie2-Cre embryos exhibited large

nuchal edema (Figure 2C) that can be indicative of a dysfunc-

tional lymphatic vasculature.28 Pde2aflox/flox; Tie2-Cre embryos

failed to form lympho-venous valves (LVVs), and mutant valve

leaflets did not extend into the lumen of the cardinal vein

(Figures S2E and S2F). Consistent with these findings, whole-

mount immunostaining of E14.5 upper thoracic back skins re-

vealed disturbed lymphangiogenesis with disconnected and

enlarged LVs in Pde2aflox/flox; Tie2-Cre embryos (Figures 2D–

2F). A similar lymphatic phenotype was observed in neuropilin

2 (NRP2)+ dermal LVs of global E14.5 Pde2a�/� mutant embryos

but not littermate control embryos (Figure S2G).

Blood capillary branching was reduced in the midline region of

Pde2aflox/flox; Tie2-Cre embryos (Figure 2G), whereas VE-

cadherin+ E14.5 carotid artery diameter (Figure 2H) and overall

large blood vessel morphology were normal (Endomucin+ ves-

sels in Figure 2C and CD31+ larger vessels in Figure 2D).

Taken together, these results indicate that PDE2A plays an

important role in lymphatic development.

In the absence of PDE2A expression, lymphatic
junctions fail to mature in vitro

We next sought to analyze if loss of PDE2A could contribute to

LV dysplasia through dysregulation of lymphatic junctions.

HDLECs were cultured for 24, 48, 72, and 96 h on a 4 kPa sub-

strate (Figure S3A) and plastic surfaces (Figure 3A) to correlate

changes in protein levels with increasing lymphatic monolayer

confluency and junctional maturation. As expected, protein

expression of CLDN5, a major lymphatic junctional molecule,18
Figure 2. Endothelial Pde2a deletion in the Tie2-lineage impairs embry
(A) Scheme of the genetic constructs and analyzed embryonic stages (E).

(B) Relative mRNA expression of Pde2a in LECs and BECs sorted from E14.5 ba

littermate embryos (CTRL). Mean ± SEM, p value: unpaired Student’s t test.

(C) Representative immunofluorescence staining of 100 mm transverse vibratom

PROX1 (green) and endomucin (red). Single channel images for PROX1 are shown

(arrow). Scale bars, 500 mm.

(D) Representative brightfield images of E14.5 Pde2a KO and CTRL embryos a

stained with antibodies against PROX1 (green) and CD31 (red). Single channel im

(E and F) Quantification of LV diameter (E) and avascular midline (F) in E14.5 upper

p value: unpaired Student’s t test.

(G) Quantification of blood capillary branching in E14.5 upper thoracic back skins o

t test.

(H) Representative immunofluorescence staining of the carotid artery in 100 mm t

antibody against VE-cadherin. Notably, carotid artery morphology and VE-cadhe
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was induced with increasing monolayer confluency, demon-

strating the formation of stable and mature lymphatic junctions

(Figures 3A and S3B). Notably, VE-cadherin was highly ex-

pressed in immature lymphatic junctions, but expression levels

were downregulated with increasing CLDN5 protein expression

(Figure 3A).

Interestingly, PDE2A protein expression also increased with

lymphatic monolayer maturation (Figures 3A and S3A). Immuno-

fluorescence staining using antibodies against PDE2A and VE-

cadherin further confirmed immunoblot data (Figures 3B and

S3B). By contrast, PDE2A levels remained low and unaltered in

HUVECs cultured for 24, 48, and 72 h, despite the expected

strong increase in VE-cadherin and a moderate increase in

CLDN5 protein signal (Figure 3A).

To assess the functional consequence of PDE2A loss, we per-

formed siRNA-mediated knockdown of PDE2A expression in

HDLECs with increasing monolayer confluency states. Interest-

ingly, loss of PDE2A only resulted in decreased CLDN5 expres-

sion levels (Figures 3C green arrow and 3D) in stable lymphatic

monolayers (72 h culture) having high PDE2A protein levels (Fig-

ure 3A). We have previously shown that CLDN5 is a major junc-

tional ‘‘gatekeeper’’ in HDLECs versus HUVECs,18 suggesting

that once HDLEC junctions disintegrate, VE-cadherin levels are

also reduced (Figure 3C). Together, these data indicate that

PDE2A-deficient LECs are defective in forming mature and sta-

ble CLDN5+ junctions in vitro.

Upon siRNA-mediated knockdown of PDE2A expression,

immunofluorescence analysis of VE-cadherin, actin, and

CLDN5 further showed disruption of 72 h cultured HDLECs but

not HUVECs (Figures S3C and S3D), characterized by

decreased cortical actin (Figures 3E and 3F) and dispersed junc-

tional CLDN5 (Figure 3G). Consistent with these morphological

findings, deletion of PDE2A impaired barrier function and led to

increased HDLEC, but not HUVEC, monolayer permeability

(Figures 3H and S3E). Conclusively, in contrast to venous

BECs, PDE2A expression is strongly upregulated in LECs during

the formation of stable cell-cell junctions. Conversely, in the

absence of PDE2A, lymphatic junctions fail to stabilize.

Loss of PDE2A expression prevents LEC contact
inhibition and cell cycle arrest in vitro

A hallmark of EC junctional maturation is halted proliferation,

contact inhibition, and cell cycle arrest. We therefore sought to

investigate if PDE2A might play a role in controlling these
onic lymphatic development

ck skins of n = 6 Pde2aflox/flox; Tie2-Cre embryos (KO) and n = 9 Pde2aflox/flox

e sections from E13.5 KO and CTRL embryos stained with antibodies against

. KO embryos display enlarged jugular lymphatic structures and nuchal edema

nd immunofluorescence staining of whole-mount upper thoracic back skins

ages for PROX1 are shown. Scale bars, 500 mm.

thoracic back skins of n = 9–13 KO and n = 15–16CTRL embryos.Mean ± SEM,

f n = 8 KO and n = 10CTRL embryos.Mean ± SEM, p value: unpaired Student’s

ransverse vibratome sections of E14.5 KO and CTRL embryos stained with an

rin+ junctions were not altered in KO embryos. Scale bars, 50 mm.
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processes in LECs. Using an RNA-seq approach, we first identi-

fied differentially expressed genes that are potentially involved in

junctional maturation and contact inhibition by comparing CTRL

siRNA-treated HDLECs with ‘‘loose’’ CLDN5Low junctions and

CTRL siRNA-treated HDLECs with ‘‘tight’’ CLDN5High junctions

(Figure 4A). To identify PDE2A-regulated genes that are poten-

tially involved in lymphatic junctional maturation, CTRL siRNA-

treated HDLECs with tight CLDN5High junctions were further

compared with PDE2A siRNA-treated HDLECs with tight

CLDN5High junctions (Figure 4B). GO term analysis revealed

the downregulation of various GO terms associated with cell cy-

cle transition, cell division, and proliferation and the upregulation

of GO terms associated with cell junction organization and

growth arrest upon junction maturation (Figure 4A). By contrast,

loss of PDE2A reversed junctional stabilization- and prolifera-

tion-associated GO terms (Figure 4B), demonstrating a shift of

gene expression toward a loose junctional state.

CLDN5 and gap junction protein alpha 4 (GJA4, connexin 37)

mRNA expression was downregulated in the absence of PDE2A,

whereas various proliferation markers were upregulated

(Figures 4C and S3F). Consistently, PDE2A siRNA treatment of

HDLECs grown to high density maintained the cells in a KI67+

proliferative state (Figures 4D and 4E). Similarly, 5-bromo-20-de-
oxyuridine (BrdU) incorporation was maintained only in high

density HDLEC monolayers upon PDE2A siRNA treatment

(Figure S3G).

Loss of endothelial PDE2A expression prevents
lymphatic maturation and contact inhibition at later
stages during embryonic development
To avoid early embryonic lethality and analyze lymphaticmatura-

tion in vivo, we crossed Pde2aflox mice with tamoxifen-inducible

Cdh5-CreERT2mice. Cre-mediated Pde2a deletion was induced

from E10.5 for 4 consecutive days, and embryos were analyzed

at E17.5 (Figures 4F and 4G). At that stage, non-venous-derived

LECs had been incorporated into the vessels, lateral dermal lym-

phatics had reached the dorsal midline, valves were formed, and

lymphatic proliferation was found to decrease in the maturing

plexus. mRNA expression of the proliferation marker Mki67

was increased (42%) in E17.5-sorted CD31+;PDPN+ LECs from

in Pde2aflox/flox; Cdh5-CreERT2 mutant embryos compared with

Cre-negative control embryos, despite a suboptimal deletion of
Figure 3. Lymphatic junctions fail to mature in the absence of PDE2A

(A) Western blot analysis of HDLECs and HUVECs cultured on plastic substrate

against PDE2A, CLDN5, VE-cadherin, and actin as loading control.

(B) Representative immunofluorescence staining of HDLECs cultured on glass s

cadherin. With increasing monolayer confluency, PDE2A expression is increased

(C) Western blot analysis of CTRL and PDE2A siRNA-treated HDLECs cultured for

VE-cadherin, and actin as loading control. Notably, in the absence of PDE2A, HD

(D) Quantification of CLDN5 protein expression in 72 hCTRL andPDE2A siRNA-tre

sample t test.

(E) Representative immunofluorescence staining of 72 h CTRL and PDE2A siR

phalloidin (green, to visualize actin). Single channel images of VE-cadherin and p

(F) Quantification of relative central actin (total actin—junctional actin) from 72 h C

Mean ± SEM, p value: unpaired Student’s t test.

(G) Representative immunofluorescence staining of 72 h CTRL and PDE2A siR

(green). Single channel images are shown. Scale bars, 20 mm.

(H) Quantification of monolayer permeability to 40 kDa FITC-dextran in CTRL and

SEM, p value: unpaired Student’s t test.
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Pde2a (48%) (Figure 4H). Consistent with this finding, PROX1

whole-mount immunostaining of E17.5 upper thoracic back

skins demonstrated a reduced number of PROX1High valve re-

gions (Figures 4I and 4J), with increased LV diameter and

increased PROX1+ cell number in Pde2aflox/flox; Cdh5-CreERT2

mutant embryos compared with Cre-negative control embryos

(Figures 4I and 4K). Pde2aflox/flox; Cdh5-CreERT2 embryos were

smaller and showed edema in the neck region compared with

Cre-negative control embryos (Figure 4I). By contrast, sprouting

of LYVE1+ filopodia and VEGFR3 expression in the sprouting

front and the maturing plexus was not affected even when

Pde2aflox/flox; Cdh5-CreERT2 mutant embryos were analyzed at

E16.5 before the dorsal midline has closed (Figure S4A). Simi-

larly, VEGFR3 expression in whole-mount immunostaining of

E14.5 upper thoracic back skins was unaltered in Pde2aflox/flox;

Tie2-Cre embryos (Figures S4B and S4C), and PDE2A

siRNA treatment of HDLECs did not result in changes of

VEGFR3 mRNA and protein expression or VEGFR3 activation

(Figures 4C, S4D, and S4E).

Taken together, in the absence of PDE2A, LECs fail to induce

contact inhibition and downregulation of proliferation in vitro and

in maturing areas of the embryonic dermal lymphatic network,

whereas sprouting of dermal lymphatics was not affected

by PDE2A.

Loss of PDE2A selectively increases lymphatic cGMP
levels in a cAMP-independent manner
Most studies on cAMP function in BECs have shown that

increasing exogenous and endogenous cAMP levels stabilize

BEC junctions,29–31 whereas others have reported that pro-

longed elevation of cAMP destabilizes EC junctions and in-

creases endothelial permeability.32 Consistent with previous

data in BECs,33,34 we showed that incubation of LECs with

cAMP derivatives stabilizes LEC barrier function (Figure S5A).

PDE2A regulates cellular cyclic monophosphate metabolism

by catalyzing the hydrolysis of cAMP to AMP and cGMP to

GMP, respectively.35,36 Loss of PDE2A-mediated catalytic activ-

ity is therefore expected to increase lymphatic cAMP and/or

cGMP levels that in turn could cause lymphatic dysfunction.

We therefore sought to analyze if PDE2A differentially regulates

cAMP and cGMP levels in HUVECs versus HDLECs. Loss of

PDE2A function in HUVECs resulted in increased cAMP levels
from 24 to 96 h and 72 h, respectively. Lysates were probed with antibodies

ubstrate from 24 to 96 h and stained with antibodies against PDE2A and VE-

. Scale bars, 50 mm.

24, 48, and 72 h. Lysates were probed with antibodies against PDE2A, CLDN5,

LECs fail to form CLDN5High junctions (green arrow).

ated HDLECs from n = 3 independent experiments. Mean ± SEM, p value: one-

NA-treated HDLECs stained with an antibody against VE-cadherin (red) and

halloidin are shown. Scale bars, 50 mm.

TRL and PDE2A siRNA-treated HDLECs from n = 2 independent experiments.

NA-treated HDLECs using antibodies against VE-cadherin (red) and CLDN5

PDE2A siRNA-treated HDLECs from n = 2 independent experiments, mean ±
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(Figure 5A).22 By contrast, in HDLECs, cAMP levels were not

significantly altered upon PDE2A knockdown (Figure 5A). These

findings suggested that PDE2A likely regulates lymphatic matu-

ration via the modulation of cGMP levels instead. In agreement

with this, siRNA-mediated deletion of PDE2A elevated cGMP

levels in HDLECs compared with control HDLECs (Figure 5A).

In parallel, we used live-cell imaging and a plasma membrane

targeted biosensor pmEpac1-camps (Figure 5B) to measure

local cAMP responses at the membrane of HDLECs as previ-

ously described for HUVECs.22 First, we compared cAMP re-

sponses with the beta-adrenergic agonist isoprenaline (ISO,

1 mM) with and without PDE2 (BAY60-7550, 100 nM) or PDE3 in-

hibition (cilostamide, 10 mM). Both inhibitors had no effect on

ISO-induced production of cAMP, compared with ISO alone

(Figure 5B). Next, we assessed the effects of PDE2 and PDE3 in-

hibition on atrial natriuretic peptide (ANP)-induced cAMP

responses measured as cGMP/cAMP crosstalk by the

pmEpac1-camps biosensor (Figure 5C). When HDLECs were

stimulated with ANP alone, a negligible increase in cAMP levels

was detected. This was likely due to high PDE2A activity in

HDLECs, where ANP-generated cGMP can enhance PDE2A-

mediated cAMP degradation and thus only modestly increases

cAMP levels as a result of this negative cGMP/cAMP crosstalk.

In support of this hypothesis, inhibition of PDE2A, but not of

PDE3A, could unmask the stimulatory effect of ANP on cAMP

levels in HDLECs, in contrast to HUVECs, where PDE3A has

been identified as the main regulator of membrane cGMP/

cAMP crosstalk, whereas PDE2 expression and contribution

were negligible.22 Our measurements in HDLECs showed that

PDE2, but not PDE3, inhibition significantly augmented ANP/

cGMP responses (Figures 5C and 5D).

Interestingly, PDE2A inhibition by BAY60-7550 abolished all

cGMP-hydrolyzing capacity of LECs at 24 and 96 h of culture

(Figure 5E), demonstrating that under physiological conditions,

PDE2A plays a central role in the control of cGMP second

messenger signaling in LECs. Furthermore, we found that other

PDEs, namely PDE12, PDE10A, PDE4B, PDE4D, PDE6D, and

PDE8A, were not altered upon siRNA-mediated knockdown of
Figure 4. Loss of PDE2A prevents lymphatic contact inhibition and ma

(A) Global transcriptome analysis comparing HDLECs grown on physiological 4

junctions (n = 2 biological replicates) and enrichment of selected GO terms. U

respectively.

(B) Global transcriptome analysis of CTRL and PDE2A siRNA-treated HDLECs

selected GO terms. Upregulated and downregulated GO terms are represented

(C) Selected upregulated and downregulated transcripts regulated by PDE2A are

(D) Representative immunofluorescence staining of 72 h CTRL and PDE2A siR

(green), and DAPI (blue). Single channel images for PDE2A are shown. Scale bar

(E) Quantification of the percentage of KI67+ HDLECs treated with CTRL and PD

Student’s t test.

(F) Scheme of the genetic constructs and analyzed embryonic stages. Time poin

(G) Representative whole-mount immunofluorescence staining of a wild-type E17

LYVE1 (green) showing the midline region and the maturing lymphatic plexus reg

(H) Relative mRNA expression of Pde2a andMki67 in LECs sorted from E17.5 bac

Pde2aflox/flox littermate embryos (CTRL). Mean ± SEM, p value: one-sample t tes

(I) Whole-mount immunofluorescence staining of E17.5 upper thoracic back s

Pde2aflox/flox (CTRL) embryos stained with an antibody against PROX1. Scale bars

Pde2aflox/flox control embryos. White arrow shows edema in the neck region.

(J) Quantification of lymphatic valves (as PROX1High regions) in the E17.5 upper th

unpaired Student’s t test.

(K) Quantification of PROX1+ cells in midline and maturing plexus of n = 5 KO an
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PDE2A (Figure S5B), suggesting that they are unlikely to

compensate for the loss of PDE2A in LECs.

To study if an increase of cGMP in LECswould show junctional

disruption similar to the loss of PDE2A, we incubated mature

HDLEC monolayers with 250 mM 8-Br-cGMP for 48 h. As ex-

pected, immunofluorescence analysis of VE-cadherin and actin

showed disruption of stable HDLEC monolayers with loss of

cortical actin upon treatment with 8-Br-cGMP (Figures 5F

and 5G).

Conclusively, loss of PDE2A selectively increases lymphatic

cGMP but not cAMP levels. Increased LEC cGMP levels result

in junctional disruption and a decrease in cortical actin similar

to what has been observed upon PDE2A deletion.

PDE2A modulates a crosstalk between cGMP, p38, and
NOTCH signaling in LECs
Finally, we sought to analyze how elevated cGMP levels

lead to junctional disruption and increased proliferation.

cGMP has been shown to activate p38 mitogen-activated

protein kinase (p38).37,38 Consistently, in PDE2A-deficient

HDLECs, increased cGMP levels induced p38 phosphoryla-

tion (Figures 6A and 6B), suggesting p38 signaling to regulate

signaling downstream of PDE2A in LECs. In agreement with

this finding, incubation of PDE2A-deficient HDLECs with the

p38 inhibitor SB203580 prevented aberrant proliferation

(Figures 6C and S5C). Inhibition of p38 has been previously

described to upregulate NOTCH target gene expression.39

Notably, GO term analysis and quantitative real-time PCR

highlighted that NOTCH signaling (GO:0008593) was downre-

gulated upon the deletion of PDE2A in stable lymphatic junc-

tions (Figures 4B and S3F). Furthermore, we have previously

shown that siRNA-mediated knockdown of NOTCH1 and

NOTCH inhibition via N-[N-(3,5-difluorophenacetyl-L-alanyl)]-

(S)-phenylglycine t-butyl ester (DAPT) resulted in increased

proliferation,40 suggesting that loss of PDE2A increased

cGMP, and p38 activation could regulate lymphatic junctions

by interference with NOTCH activation and consecutively

NOTCH-induced cell cycle arrest.
turation in vitro and in vivo

kPa stiffness substrates with loose CLDN5Low junctions and tight CLDN5High

pregulated and downregulated GO terms are represented in red and blue,

with tight CLDN5High junctions (n = 2 biological replicates) and enrichment of

in red and blue, respectively.

shown.

NA-treated HDLECs stained with antibodies against KI67 (magenta), PDE2A

s, 50 mm.

E2A siRNA (n = 5 independent experiments). Mean ± SEM, p value: unpaired

ts for 4-hydroxytamoxifen injections (Cre induction) are indicated.

.5 upper thoracic back skin stained with antibodies against PROX1 (gray) and

ion analyzed in (C).

k skins of n = 4 Pde2aflox/flox; Cdh5-CreERT2 embryos (knockout [KO]) and n = 4

t.

kin midline and maturing plexus from Pde2aflox/flox; Cdh5-CreERT2 (KO) and

, 500 mm. Representative images of Pde2aflox/flox; Cdh5-CreERT2 knockout and

oracic back skin of n = 5 KO and n = 3 CTRL embryos. Mean ± SEM, p value:

d n = 3 CTRL embryos. Mean ± SEM, p value: unpaired Student’s t test.



436 nm

480 nm

535nm

cAMP

↑ FRET ↓ FRETA

0

50

100

0

100

200

300
p = 0.4710p = 0.0095

HDLEC cAMPHUVEC cAMP

CTRL s
iRNA

PD
E2
A s

iRNA

CTRL s
iRNA

PD
E2
A s

iRNA

R
el

at
iv

e 
ce

llu
la

r c
AM

P 
(%

)

R
el

at
iv

e 
ce

llu
la

r c
AM

P 
(%

)

PDE2A

cAMP cGMP

F

? ?

G

CTRL

8-B
r-c

GMP
0

50

100

150

200

Non-junctional actin

C
en

tra
l a

ct
in

 (%
) p < 0.0001

-100

-50

0

50

100

FR
ET

 re
sp

on
se

(%
m

ax
)

ANP on
ly 

BAY60
-75

50
 + 

ANP

Cilo
sta

mide
 + 

ANP 

cGMP/cAMP crosstalk

p = 0.2578

p = 0.7399

p = 0.0171

pm
Ep

ac
 - 

cA
M

P 
bi

os
en

so
r

0 200 400 600
0.8

0.9

1.0

Time (s)

YF
P/

C
FP

ra
tio

(n
or

m
.)

ANP
100 nM

ISO
1 µM

Cilostamide + ANP + ISO 

0

20

40

60

80

100

FR
ET

 re
sp

on
se

(%
m

ax
)

ISO

ISO + 
BAY60

-75
50

ISO + 
Cilo

sta
mide

 

cAMP response to ISO

pm
Ep

ac
 - 

cA
M

P 
bi

os
en

so
r

p = 0.2835

p = 0.2905

p = 0.0104

C

B 

D E

0

100

200

300

400

500

HDLEC cGMP

CTRL s
iRNA

PD
E2
A s

iRNA

R
el

at
iv

e 
ce

llu
la

r c
G

M
P 

(%
) p = 0.0392

C
TR

L
8-

Br
-c

G
M

P

VE-cadherinActinVE-cadherin  Actin

HDLECs

0 200 400 600 800
0.8

0.9

1.0

YF
P/

C
FP

ra
tio

(n
or

m
.)

ANP
100 nM

ISO
1 µM

BAY60-7550 + ANP + ISO 

Time (s)

nm
ol

 c
G

M
P/

m
in

/m
g

PDE2A-mediated cGMP hydrolysis

24h 96h
0.0

0.2

0.4

0.6

0.8

1.0

CTRL
BAY60-7550

p < 0.0001

p = 0.0004

(legend on next page)

ll
OPEN ACCESSArticle

Developmental Cell 59, 308–325, February 5, 2024 317



ll
OPEN ACCESS Article
In agreement with a potential PDE2A/p38/NOTCH-signaling

axis, we found that mRNA expression of the Notch target

gene Hey1 was decreased in sorted CD31+; PDPN+ LECs

from Pde2aflox/flox; Tie2-Cre mutant embryos in comparison to

Pde2aflox/flox control embryos (Figure S5D). Blocking all canonical

NOTCHactivity usingDAPT resulted not only in the loss of nuclear

NOTCH1 intracellular domain (NICD) as expected but also in the

dispersion of junctional molecules VE-cadherin and CLDN5

(Figures S5E and S5F). To demonstrate a functional link between

PDE2A and NOTCH signaling in LECs, we analyzed NOTCH

signaling in HDLECs upon soluble DLL4 (sDLL4) stimulation in

the presence or absence (siRNA-mediated knockdown) of

PDE2A (Figures 6D–6G). sDLL4-mediated activation of NOTCH

restored nuclear NICD (Figures 6D and 6E) and was sufficient to

rescue high CLDN5 expression in PDE2A-deleted HDLECs, sug-

gesting mature lymphatic junctions and intact cell cycle arrest

(Figures S5G and S5H). Indeed, immunofluorescence analysis of

VE-cadherin and CLDN5 showed normal junctional architecture

in PDE2A-deleted HDLECs upon sDLL4-mediated NOTCH acti-

vation (Figures 6F and 6G). Ultimately, treatment of PDE2A-

deletedHDLECswith thep38 inhibitor SB203580 restorednuclear

NICD (Figures 6H and 6I), demonstrating that p38 signaling regu-

latesNOTCH-mediated contact inhibition downstreamof PDE2A-

regulated cGMP levels.

Deletion of Pde2a in postnatal mesenteric LVs results in
abnormal formation of lymphatic valves
To understand if PDE2A also plays a role in postnatal LVs, we

analyzed PDE2A expression in LVs using whole-mount immuno-

staining of postnatal day (P)11 mesenteries (Figure 7A). Notably,

PDE2A expression was strongly enriched in the lower valve sinus

selectively in valves of the collecting and large pre-collecting LVs

(Figure 7B), but not in smaller caliber vessels. Therefore, we

studied the postnatal function of PDE2A with a focus on large

lymphatic valves and crossed Pde2aflox mice with tamoxifen-

inducible Prox1-CreERT2 mice. Cre-mediated Pde2a deletion

was induced from P2 and P3 and analyzed at P11 (Figure 7C).

Although LV diameter and smooth muscle cell coverage were

not altered at P11 (Figures 7D, S6A, and S6B), loss of PDE2A re-
Figure 5. Loss of PDE2A increases lymphatic cGMP levels

(A) (Left) Quantification of relative cAMP levels in CTRL and PDE2A siRNA-treat

Mean ± SEM, p value: one-sample t test. (Right) Quantification of relative cGMP

experiments. Mean ± SEM, p value: one-sample t test.

(B) Scheme of the Förster resonance energy transfer (FRET) Epac1-camps bios

separation between both fluorescent probes, resulting in a decrease in the FRET s

membrane targeted biosensor, pmEpac1-camps, upon treatment with isoprenalin

cilostamide (PDE3 inhibitor). Single points represent single cells from n = 3 inde

multiple comparison test.

(C) Quantification of FRET change in HDLECs transduced with pmEpac1-cam

cilostamide + ANP. Notably, PDE2 inhibition, but not PDE3 inhibition, significantly

independent experiments. Mean ± SEM, p value: one-way ANOVA with Turkey’s

(D) Representative FRET traces show responses to treatment with BAY60-755

HDLECs. A decrease in yellow fluorescent protein (YFP)/cyan fluoresecent prote

(E) PDE2A activity measured as a rate of cGMP hydrolysis in HDLECs culture fo

(BAY60-7550). n = 2 independent experiments after 24 h, n = 4 independent exper

correction.

(F) Representative immunofluorescence staining of CTRL and 8-Br-cGMP-treate

(green, to visualize actin). Single channel images are shown. Scale bars, 50 mm.

(G) Quantification of relative central actin (total actin—junctional actin) fromCTRL

SEM, p value: unpaired Student’s t test.
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sulted in abnormal morphology and reduced numbers of

large valves in Pde2aflox/flox; Prox1-CreERT2 mutant mice

compared with Cre-negative control mice (Figures 7F and 7G).

In agreement with this, CLDN5+ junctions of the collecting

lymphatic valve sinus appeared more jagged and discontinuous

(Figure 7G).

These findings suggest that tight regulation of LEC junctions

through PDE2A-mediated control of cGMP might be particularly

important to maintain proper function of the large valves in post-

natal LVs.

Taken together, our study uncovers a mechanism by which

PDE2A regulates lymphatic junctional maturation through

cGMP-mediated control of Notch signaling during embryonic

development (Figure S7). During postnatal development of

mesenteric LVs, PDE2A continues to play an important role by

regulating the formation of lymphatic valves (Figure S7).

DISCUSSION

Selective barrier control can be achieved through exclusive

expression of junction-controlling molecules in different EC

types.42,43 However, other molecules, such as VE-cadherin16,17

and EphB4,18,19 have been shown to have multifaceted roles in

junctional regulation across different vascular beds, despite

similar expression patterns. Although most studies show that

increased cAMP levels strengthen junctional stability in LECs

and BECs,29–31 the role of cGMP in junctional integrity remains

poorly understood. Similar to PDE2 inhibition,44 we show that

knockdown of PDE2A in HUVECs led to increased cAMP levels,

suggesting that in the absence of PDE2A, BECs might show

altered junctions. However, although blood capillary branching

was slightly decreased in embryonic back skin upon endothelial

Pde2a deletion at E14.5, we did not find morphological evidence

that BEC junctions or vessel architecture were altered, suggest-

ing that alterations of cAMP levels in BECs might be normalized

through other PDEs or endogenous cAMP accumulation is not

sufficient to induce BEC dysfunction at this developmental

stage. Intriguingly, we found that loss of junctional maturation

in PDE2A-deficient LECs is caused by the accumulation of
ed HDLECs and HUVECs from n = 3 independent experiments per cell type.

levels in CTRL and PDE2A siRNA-treated HDLECs from n = 5 independent

ensor. cAMP binding leads to a conformational change and increased spatial

ignal. Quantification of FRET response in HDLECs transduced with the plasma

e (ISO, beta-adrenergic agonist), ISO + BAY60-7550 (PDE2 inhibitor), or ISO +

pendent experiments. Mean ± SEM, p value: one-way ANOVA with Turkey’s

ps and treated with atrial natriuretic peptide (ANP), BAY60-7550 + ANP, or

increases ANP/cAMP response. Single points represent single cells from n = 3

multiple comparison test.

0 + ANP + ISO or cilostamide + ANP + ISO in pmEpac1-camps-transduced

in (CFP) ratio corresponds to an increase in intracellular cAMP levels.

r 24 or 96 h. Measurements were performed with CTRL or PDE2A inhibition

iments after 96 h. Mean ± SEM, p value: unpaired Student’s t test with Welch’s

d HDLECs stained with an antibody against VE-cadherin (red) and phalloidin

and 8-Br-cGMP-treated HDLECs from n = 3 independent experiments. Mean ±
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Figure 6. P38 inhibition and NOTCH signaling activation restores lymphatic junctional maturation

(A) Western blot analysis of CTRL and PDE2A siRNA-treated HDLECs cultured for 72 h. Lysates were probed with antibodies against PDE2A, phospho-p38, p38,

and VE-cadherin as loading control.

(B) Quantification of p38 phosphorylation in CTRL and PDE2A siRNA-treated HDLECs from n = 3 independent experiments. Mean ± SEM, p value: one-sample

t test.

(C) DAPI-stained HDLECs (as a measure of proliferation) treated with CTRL and PDE2A siRNA and vehicle or the p38 inhibitor SB203580, quantification is shown

in Figure S5C.

(D) Immunofluorescence staining of CTRL and PDE2A siRNA-treated HDLECs incubated for 24 h with or without soluble DLL4 (sDLL4) using an antibody

against NICD.

(E) Quantification of nuclear NICD from n = 2 independent experiments. Mean ± SEM, p value: one-way ANOVA with Dunnett’s T3 multiple comparisons test.

(F) Representative immunofluorescence staining of CTRL and PDE2A siRNA-treated HDLECs incubated for 24 h with or without soluble DLL4 (sDLL4) using

antibodies against CLDN5 (green) and VE-cadherin (red). Single channel images are shown for CLDN5.

(legend continued on next page)
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intracellular cGMP but not cAMP. By contrast, compensation of

dysregulated lymphatic cGMP levels is not likely to occur

because we show for that PDE2A is the only enzyme to hydrolyze

cGMP in LECs.

In agreement with our data, inhibition of PDE3A, using cilosta-

mide, did not alter LV permeability when albumin flux across the

collecting lymphatic wall was measured in isolated LVs from

adult wild-type mice.45 However, inhibition of PDE3A restored

mesenteric collecting LV integrity in diabetic mice45 and

improved LV count and flow in a lymphedema mouse model.46

The specific cellular populations responsible for these PDE2A

and PDE3A-mediated effects remain to be investigated.

LVVs were impaired in E14.5 Pde2aflox/flox; Tie2-Cre embryos.

Notably, retrograde flow from the cardinal vein due to dysfunc-

tional LVVs has been previously shown to contribute to the for-

mation of blood-filled lymphatics and reduced lymphatic

valves.47 However, we did not observe blood-filled lymphatics

in Pde2aflox/flox; Cdh5-CreERT2 embryos, demonstrating that

the observed lymphatic phenotypes are LEC-autonomous.

At E14.5, globalPde2a�/� andPde2aflox/flox; Tie2-Cre embryos

exhibited similar lymphatic and non-lymphatic phenotypes such

as reduced size of the fetal liver and embryonic death at E14.5–

15.5.25,26 It is unlikely that loss of lymphatic PDE2A causes em-

bryonic death in Pde2aflox/flox; Tie2-Cre embryos. Therefore, our

findings rather suggest that the loss of Pde2a in other cell types

of the Tie2+ lineage is causing embryonic defects and lethality.

Future studies will delineate the contribution of different cell

types of the Tie2+ lineage.

NOTCHhas been shown to regulate general lymphatic growth,

sprouting, proliferation, and valve morphogenesis.40,48–51 Here,

we identified a pleiotropic role of NOTCH signaling in LEC con-

tact inhibition, which is modulated through crosstalk with

PDE2A-regulated cGMP signaling. It needs to be further

explored if this lymphatic-specific crosstalk might be regulated

via changes in NOTCH signaling strength.52

An intimate relationship between PDE2A and NOTCH

signaling is further supported by the finding that the NOTCH-tar-

geting miRNA miR-139-5p53 is located within the second intron

of the PDE2A/Pde2a host gene.54 miR-139-5p has been shown

to correlate with PDE2A expression, suggesting a potential

inhibitory function on this gene.54 Although we did not expect

the second intron of the Pde2a host gene to be dysregulated,

given that Cre-induced recombination targets exon 4, we

analyzed the expression of miR-139-5p in isolated lung ECs

from 8-week-old control and mutant Pde2aflox; Cdh5-CreERT2

mice. miR-139-5p expression was not altered in Pde2a-mutant

ECs (Figures S6C and S6D). Additionally, we investigated miR-

139-5p expression upon siRNA-mediated PDE2A deletion in

HDLECs to exclude negative feedback on miR-139-5p expres-

sion. As expected, miR-139-5p expression was not altered in

CTRL versus PDE2A siRNA-treated HDLECs (Figure S6E).

The pleotropic p38 signaling cascade has been shown to be

induced in ECs through different cellular stresses,55,56 and p38
(G) Quantification of CLDN5 protein in VE-cadherin+ junctions from n = 2 indepen

multiple comparisons test.

(H) Representative immunofluorescence staining of CTRL and PDE2A siRNA-trea

using an antibody against NICD.

(I) Quantification of nuclear NICD from n = 2 independent experiments. Mean ± S
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induces blood endothelial barrier dysfunction.57 cGMP has

been previously shown to activate p38.37,38 Consistently, we

also found that loss of PDE2A and elevated cGMP levels activate

p38 in LECs. In turn, inhibition of p38 in PDE2A-deficient LECs

rescued aberrant proliferation and nuclear NICD. Although

NOTCH and p38 have pleiotropic functions and are therefore

improbable therapeutic targets to specifically modulate

lymphatic junctional integrity, targeting PDE2A could present a

realistic opportunity.

In postnatal mesenteric LVs, PDE2A was enriched specifically

in the sinus bottom of collecting lymphatic valves. Deletion of

lymphatic PDE2A at P2/3 resulted in an abnormal shape of col-

lecting lymphatic valves at P11, suggesting that PDE2A might

have amore prominent role in areas that are exposed to highme-

chanical strain. In agreement with this, CLDN5+ junctions in the

sinus of Pde2a-deleted valves appeared more jagged and

discontinuous. We have previously shown that loss of CLDN5

in P11 mesenteries does not result in LEC junction breakdown

in P11 mesenteries,18 supporting our model that PDE2A regu-

lates a contact inhibition signaling cascade rather than directly

modulating a selected junctional adhesion molecule. Although

the lymphatic valves are the first anatomical vessel structures

that are impacted by the loss of PDE2A, it is likely that the

lymphatic junctions of collecting LVs might be dysfunctional at

a later stage. Recently, proliferating valve sinus LECs were

elegantly shown to provide the main source for maintenance

and repair of lymphatic valves in adult mice.58 Future studies

should analyze if PDE2AHigh valves sinus LECs will later give

rise to this LEC population. To our knowledge, PDE2A is the first

known molecule to distinguish between the valves of different

mesenteric LVs during postnatal development.

We did not analyze button junctions during embryonic devel-

opment because the proportion of button junctions is only 6%

at E 17.5 and increases only after birth.59 At P11, we did not

yet observe mature button junctions in the mesenteries of

CTRL Pde2aflox/flox mice. In line with our findings that PDE2A

controls tight junctions, a state that applies to zippered junc-

tions, we hypothesize that PDE2A has a more important role in

LECs of collecting and larger pre-collecting vessels. However,

future studies should investigate the loss of PDE2A in the zipper

and button junctions of adult mice.

Although our assessment of lymphatic PDE2A function was

limited to embryonic and postnatal developmental stages, the

identified mechanism may be targetable to control lymphatic

leakage or regrowth. Altered lymphatic junctional integrity has

been implicated in a variety of pathological conditions, high-

lighting the need to understand the underlying mechanisms.

For example, collecting vessel permeability is increased upon

infection with Yersinia pseudotuberculosis,60 which results in

the development of fibrotic processes,61 increased inflamma-

tion, and compromised immunity due to reduced flow of lymph

and immune cell transport to the lymph nodes (LNs).62 Excessive

leakage of lymph, caused by dysfunctional lymphatic endothelial
dent experiments. Mean ± SEM, p value: one-way ANOVA with Dunnett’s T3

ted HDLECs incubated for 24 h with vehicle or the p38 inhibitor SB203580 (SB)

EM, p value: one-way ANOVA with Dunnett’s T3 multiple comparisons test.
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junctions in the regions of collecting vessel valves, may also

contribute to inherited, primary lymphedema.12,63 Conversely,

controlled disruption of lymphatic contact inhibition via PDE2A

inhibition might also contribute to accelerated lymphatic regen-

eration, e.g., following LN dissection.

To our knowledge, PDE2A has not been implicated in LEC

biology. The enzyme is extensively studied in the nervous sys-

tem, where PDE2A inhibitors have emerged as a therapeutic

approach to ameliorate cognitive dysfunction in neuropatholog-

ical disorders, such as schizophrenia or Alzheimer disease.64–66

However, all clinical trials studying PDE2A inhibitors have been

unsuccessfully terminated, e.g., due to safety concerns.65,67 In

light of our findings, PDE2A inhibitors are likely to cause

opposing effects depending on the cell type. Consequently,

the identification of ubiquitously expressedmolecules withmulti-

faceted roles may also explain and can help avoid adverse

effects of therapeutic drug targeting.

In summary, our study identifies the role of PDE2A in the

lymphatic vasculature. PDE2A controls lymphatic contact inhibi-

tion and maturation through NOTCH activity in a cGMP- and

p38-dependent manner.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat polyclonal anti-PROX1 R&D Systems Cat# AF2727; RRID:AB_2170716

Goat polyclonal anti-VE-cadherin

(clone C19)

Santa Cruz Biotechnologies Cat# sc-6458; RRID:AB_2077955

Goat polyclonal anti-NRP2 R&D Systems Cat# AF567; RRID:AB_2155253

Goat polyclonal anti-VE-cadherin R&D Systems Cat# AF1002; RRID:AB_2077789

Goat polyclonal anti-VEGFR3 R&D Systems Cat# AF743; RRID:AB_355563

Hamster monoclonal anti-PDPN-APC

(clone 8.1.1)

Biolegend Cat# 127410; RRID:AB_10612940

Mouse anti-BrdU BD Biosciences Cat# 347580; RRID:AB_10015219

Rabbit anti-PDE3A Bork et al.68 N/A

Mouse monoclonal anti-CD31-PE-Cy7

(clone 390)

Invitrogen eBioscience Cat# 25-0311-82; RRID:AB_2716949

Mouse monoclonal anti-PDE2A Santa Cruz Biotechnologies Cat# sc-271394; RRID:AB_10610755

Mouse monoclonal anti-VE-cadherin

(clone F8)

Santa Cruz Biotechnologies Cat# sc-9989; RRID:AB_2077957

Mouse monoclonal anti-VEGFR3 Millipore Cat# MAB3757; RRID:AB_11210795

Mouse monoclonal anti-aSMA-cy3 Sigma Aldrich Cat# C6198; RRID:AB_476856

Mouse monoclonal anti-phosphotyrosine

(4G10 clone)

Millipore Cat# 05-321; RRID:AB_2891016

Rabbit monoclonal anti-cleaved Notch1 Cell Signaling Cat# 4147; RRID:AB_2153348

Rabbit monoclonal anti-Ki67 Abcam Cat# ab16667; RRID:AB_302459

Rabbit monoclonal anti-b-actin Cell Signaling Cat# 4970; RRID:AB_2223172

Rabbit polyclonal anti-p38 MAPK Cell Signaling Cat# 9212; RRID:AB_330713

Rabbit polyclonal anti-phospho-p38 MAPK Cell Signaling Cat# 9211; RRID:AB_331641

Rabbit polyclonal anti-VE-cadherin Proteintech Cat# 27956-1-AP; RRID:AB_2918136

Rabbit polyclonal anti-CLDN5 Thermo Fischer Scientific Cat# 34–1600; RRID:AB_86930

Rabbit polyclonal anti-LYVE1 Relia Tech GmbH Cat# 103-PA50AG; RRID:AB_2876870

Rat anti-CD16/CD32 (Mouse BD Fc

Block�, Clone 2.4G2)

BD Biosciences Cat# 553141; RRID:AB_394656

Rat monoclonal anti-CD11b-eF450 Invitrogen eBioscience Cat# 48-0112-82; RRID:AB_1582236

Rat monoclonal anti-CD31 (clone Mec13.3) BioLegend Cat# 102501; RRID:AB_312908

Rat monoclonal anti-CD45-eF450 Invitrogen eBioscience Cat# 48-0451-82; RRID:AB_1518806

Rat monoclonal anti-Endomucin Santa Cruz Biotechnologies Cat# sc-65495; RRID:AB_2100037

Rat monoclonal anti-Ter119-eF450 Invitrogen eBioscience Cat# 48-5921-82; RRID:AB_1518808

Alexa Fluor� 488 donkey anti-goat Jackson ImmunoResearch Labs Cat# 705-545-003; RRID:AB_2340428

Alexa Fluor� 594 donkey anti-goat Jackson ImmunoResearch Labs Cat# 705-585-003; RRID:AB_2340432

Alexa Fluor� 647 donkey anti-goat Jackson ImmunoResearch Labs Cat# 705-605-003; RRID:AB_2340436

Alexa Fluor� 488 donkey anti-rat Jackson ImmunoResearch Labs Cat# 712-545-153; RRID:AB_2340684

Alexa Fluor� 594 donkey anti-rat Jackson ImmunoResearch Labs Cat# 712-585-153; RRID:AB_2340689

Alexa Fluor� 647 donkey anti-rat Jackson ImmunoResearch Labs Cat# 712-605-153; RRID:AB_2340694

Alexa Fluor� 488 donkey anti-mouse Jackson ImmunoResearch Labs Cat# 715-545-151; RRID:AB_2341099

Alexa Fluor� 594 donkey anti-mouse Jackson ImmunoResearch Labs Cat# 715-585-151; RRID:AB_2340855

Alexa Fluor� 647 donkey anti-mouse Jackson ImmunoResearch Labs Cat# 715-605-151; RRID:AB_2340863

Alexa Fluor� 488 donkey anti-rabbit Jackson ImmunoResearch Labs Cat# 711-545-152; RRID:AB_2313584

Alexa Fluor� 594 donkey anti-rabbit Jackson ImmunoResearch Labs Cat# 711-585-152; RRID:AB_2340621

(Continued on next page)
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Alexa Fluor� 647 donkey anti-rabbit Jackson ImmunoResearch Labs Cat# 711-605-152; RRID:AB_2492288

Peroxidase-conjugated IgG Fraction

monoclonal mouse anti-goat

Jackson ImmunoResearch Labs Cat# 205-032-176; RRID:AB_2339056

Polyclonal rabbit anti-mouse

immunoglobulins/HRP

Agilent Cat# P0260; RRID:AB_2636929

Polyclonal goat anti-rabbit

immunoglobulins/HRP

Agilent Cat# P0448; RRID:AB_2617138)

Biological samples

E13.4 mouse embryos This manuscript N/A

E14.5 mouse embryos This manuscript N/A

E16.5 mouse embryos This manuscript N/A

E17.5 mouse embryos This manuscript N/A

P11 mouse mesenteries This manuscript N/A

Lungs from 12-week-old mice This manuscript N/A

Chemicals, peptides, and recombinant proteins

0.05% Trypsin/EDTA Gibco Cat# 25300-054

2-mercaptoethanol Carl Roth GmbH Cat# 4227.1

3-Aminopropyltriethoxysilane Sigma-Aldrich Cat# 440140

[3H] cGMP PerkinElmer Cat# NET337250UC

4-hydroxytamoxifen Sigma-Aldrich Cat# H7904

8-Br-cAMP Sigma-Aldrich Cat# B5386

8-Br-cGMP Sigma-Aldrich Cat# B1381

Acrylamide 40% Sigma-Aldrich Cat# A4058-100ML

Alexa Fluor� 488 Phalloidin Thermo Fisher Scientific Cat# A12379

Alexa Fluor� 594 Phalloidin Thermo Fisher Scientific Cat# A12381

ANP1-28 (human) Calbiochem Cat# 05-23-0300

Antiprotease cocktail Sigma-Aldrich Cat# P8340

BIS-Acrylamide Sigma-Aldrich Cat# M1533-100ML

Bovine brain extract (BBE) Lonza BioScience Cat#: CC-4098

Bovine serum albumin Sigma-Aldrich Cat# A3294

BAY60-7550 Santa Cruz Cat# sc396772

Bovine fibronectin Sigma-Aldrich Cat# F1141-1MG

BrdU BD Biosciences Cat# 550891

Cilostamide Santa Cruz Cat# sc201180A

Collagen I Gibco Cat# A10483-01

Collagenase A Roche Cat# 10103586001

Collagenase type IV Gibco Cat# 17104-019

DAPT Abcam Cat# 208255-80-5

Dichlordimethylsilane Sigma Cat# 440272

DMEM Gibco Cat#: 41966-029

Dnase I Roche Cat# 10104159001

Dulbecco’s phosphate buffered

saline (PBS)

R&D Systems Cat#: F1141

EGTA Sigma-Aldrich Cat# 03777

Endothelial Cell Growth Medium (ECGM) PromoCell Cat# C-22010

Endothelial Cell Growth Medium MV2

(ECGMV2)

PromoCell Cat# C-22022

Fetal bovine serum (FBS) Gibco Cat# 10500-064

FITC-dextran (40kDa) Sigma-Aldrich Cat# FD40S

Fluoroshield Mounting Medium with DAPI Sigma-Aldrich Cat# F6057

(Continued on next page)
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Fluoroshield Mounting Medium

without DAPI

Sigma-Aldrich Cat# F6182

FSK Hello Bio Cat# HB1348-10MG

Hepes Sigma-Aldrich Cat# H3375

Human ANP Bachem Cat# 4011941

Human sDLL4 Sigma Aldrich Cat# SRP3026

IBMX Applichem Cat# A0695-0001

Isoprenaline Sigma Aldrich Cat# I6504

Laemmli Sample Buffer 4x BioRad Cat# 1510747

Lipofectamine 3000 Invitrogen Cat# L3000015

MEM NEAA (Non-Essential Amino

Acid) 100X

Gibco Cat# 11140-050

OptiMEM Reduced Serum Medium Gibco Cat# 31985-062

PageRuler� Prestained Protein Ladder Thermo Fisher Scientific Cat# 26616

Penicillin-Streptomycin (10,000 U/mL) Gibco Cat# 15140122

Pierce� Protease Inhibitor Mini Tablets,

EDTA-free

Thermo Fisher Scientific Cat# A32955

Protein G Sepharose� Fast Flow Sigma-Aldrich Cat# P3296

SB203580 Sigma Aldrich Cat# S8307

Soybean trypsin inhibitor Sigma Aldrich Cat# T6522

Snake venom from Crotalus atrox Sigma Aldrich Cat# V7000

Sulpho-SANPAH Sigma Cat# 803332

SytoxBlue Invitrogen Cat# S34857

Tamoxifen Sigma-Aldrich Cat# T5648

Tween� 20 Sigma-Aldrich Cat# P1379

Triton X-100 BioRad Cat# 1610407

VEGF-C R&D Systems Cat# 9199-VC

Critical commercial assays

Alexa Fluor� 555 Tyramide

SuperBoost� Kit

Thermo Fisher Scientific Cat# B40923

BGI Plug-In Adapter Kit BGI Cat# LA00R04

blackPREP Rodent Tail DNA Kit IST Innuscreen GmbH Cat# 845-BP-0010010

Direct cAMP ELISA Kit Enzo Life Science, Inc. Cat# ADI-900-066

Direct cGMP ELISA Kit Enzo Life Science, Inc. Cat# ADI-900-014

ECL� Select Western Blotting Detection

Reagent

Cytiva Cat# RPN2235

miRNeasy Mini Kit Qiagen Cat# 217004

Optimal Dual-mode mRNA Library Prep Kit BGI Cat# LR00R96

Pierce� BCA Protein Assay Kit Thermo Fisher Scientific Cat# 23225

TaqMan� PreAmp Master Mix Applied Biosystems Cat# 4391128

Rneasy� Micro Kit Qiagen Cat# 74004

Rneasy� Mini Kit Qiagen Cat# 74104

SuperScript� IV VILO cDNA Synthesis Kit Thermo Fisher Scientific Cat# 11754050

TaqMan� Gene Expression Assay Applied Biosystems Cat# 4369016

TaqMan� MicroRNA Assay Thermo Fisher Scientific Cat# 4427975

TaqMan� MicroRNA Reverse

Transcription Kit

Thermo Fisher Scientific Cat# 4366596

TaqMan� Universal Master Mix II no UNG Thermo Fisher Scientific Cat# 4440043

Deposited data

Bulk RNA sequencing datasets European Nucleotide Archive (ENA) Accession number: PRJEB57972

Original western blot images/ source data Mendeley data https://doi.org/10.17632/mmz2gznth5.1

(Continued on next page)
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Experimental models: Cell lines

HDLECs PromoCell Cat# C-12216

HUVECs PromoCell Cat# C-12203

mECs This manuscript N/A

Experimental models: Organisms/strains

Mouse: Tie2-Cre (B6.Cg-Tg(Tek-cre)

1Ywa/J)

Kisanuki et al.69 RRID:IMSR_JAX:008863

Mouse: Cdh5-CreERT2 (Tg(Cdh5-cre/

ERT2)1Rha)

Sörensen et al.70 RRID:IMSR_EM:14891

Mouse: Prox1-CreERT2 (Tg(Prox1-cre/

ERT2)1Tmak

Bazigou et al.71 RRID:IMSR_EM:13737

Mouse: Pde2a global knockout (B6; 129P2-

487Pde2A < tm1Dgen>/H; EM: 02366)

Assenza et al.25 RRID:IMSR_EM:02366

Mouse: Pde2a (Pde2atm1a(EUCOMM)Wtsl) This manuscript N/A

Oligonucleotides

AllStars Negative CTRL siRNA Qiagen Cat# 1027281

FlexiTube PDE2A siRNA Qiagen Cat# SI00040159

DLL1 (hs00194509_m1) Thermo Fischer Scientific Cat# 4331182

GAPDH (hs99999905) Thermo Fischer Scientific Cat# 4326317E

Gapdh (mm99999915_g1) Thermo Fischer Scientific Cat# 4352932E

GJA4 (hs00704917_s1) Thermo Fischer Scientific Cat# 4331182

Hey1 (mm00468865_m1) Thermo Fischer Scientific Cat# 4331182

miR-139-5p (MI0000693) Thermo Fischer Scientific Cat# 002289

Mki67 (mm01278617_m1) Thermo Fischer Scientific Cat# 4331182

PDE10A (hs01098928_m1) Thermo Fischer Scientific Cat# 4351372

PDE12 (hs00698272_m1) Thermo Fischer Scientific Cat# 4331182

PDE2A (hs00159935_m1) Thermo Fischer Scientific Cat# 4331182

Pde2a (mm01136644_m1) Thermo Fischer Scientific Cat# 4331182

PDE3A (hs01012698_m1) Thermo Fischer Scientific Cat# 4331182

PDE4B (hs00963643_m1) Thermo Fischer Scientific Cat# 4331182

PDE4D (hs01579625_m1) Thermo Fischer Scientific Cat# 4331182

PDE6D (hs01062025_m1) Thermo Fischer Scientific Cat# 4331182

PDE8A (hs01079617_m1) Thermo Fischer Scientific Cat# 4331182

PSEN2 (hs01577197_m1) Thermo Fischer Scientific Cat# 4331182

RNU48 (TaqMan� MicroRNA Assay) Thermo Fischer Scientific Cat# 001006

snoRNA202 (TaqMan� MicroRNA Assay) Thermo Fischer Scientific Cat# 001232

snoRNA234 (TaqMan� MicroRNA Assay) Thermo Fischer Scientific Cat# 001234

Pde2a-5’-arm 50ACTGGTCAGTTCTGAGC

CTCACCC 30
This paper N/A

Pde2a-3’-arm 50 AGTCTGGACTCCCCA

TCTAGCAGG 30
This paper N/A

Cre transgene sense 50GAACCTGATGG

ACATGTTCAGG 30
This paper N/A

Cre transgene antisense 50 AGTGCGTT

CGAACGCTAGAGCCTGT 30
This paper N/A

Myogenin sense 50 TTACGTCCA

TCGTGGACAGC 30
This paper N/A

Myogenin antisense 50 TGGGCTGGGT

GTTAGCCTTA 30
This paper N/A

(Continued on next page)
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Software and algorithms

BioRad Image Lab Software BioRad N/A

Diva 8.0.1 software BD Biosciences N/A

Fiji ImageJ N/A https://imagej.net/ij/

GraphPad Prism 9 Dotmatics N/A

Leica LAS-X software Leica N/A

MicroManager 1.4 software Open source N/A

Seurat package Satija et al.72 https://www.nature.com/articles/nbt.3192

umap package McInnes et al.73 https://joss.theoj.org/papers/10.21105/

joss.00861

Plotly software Open source https://plotly.com/r/

FastQC (v0.11.9) Open source http://www.bioinformatics.babraham.ac.

uk/projects/fastqc/

Trimmomatic (v0.36) Bolger et al.74 https://academic.oup.com/bioinformatics/

article/30/15/2114/2390096?login=true

STAR (v2.7.3a) Dobin et al.75 https://academic.oup.com/bioinformatics/

article/29/1/15/272537

ComBat-seq Zhang et al.76 https://academic.oup.com/nargab/article/

2/3/lqaa078/5909519?searchresult=1

WebGestalt platform 2019 Liao et al.77 https://academic.oup.com/nar/article/47/

W1/W199/5494758?login=true

Other

24-well Plate Softwell Easy Coat hydrogels

(0.1, 1, 2, 4 and 25kPa)

Matrigen Cat# SS24-EC

8-well Lab-Tek II chamber slides Lab-Tek� Cat# 154941

Agilent Technologies 2100 bioanalyzer Agilent https://www.agilent.com/en/product/

automated-electrophoresis/bioanalyzer-

systems/bioanalyzer-instrument

AMPure� XP magnetic beads Beckman Cat# A53880

Axiocam 208 Color Zeiss N/A

BD Biosciences FACSAria�IIIu BD Biosciences N/A

CoolLED beam-splitter DV2 Dual View Photometrics N/A

CMOS camera chip OptiMOS, Qimaging N/A

DEAE-Sephadex A-25 columns Cytiva Cat# 17017001

DynaMag�-2 Invitrogen Cat# 12321D

Gel Doc� MP Imaging System BioRad N/A

Hamilton� TLC syringe Sigma-Aldrich Cat# HAM7635-01-1EA

Immobilion�-P Transfer Membrane

(0.45mm pore size)

Merck Cat# IPVH00010

Inject�-F syringe Braun Cat# 9166017V

Leica DMI 3000 B inverted fluorescent

microscope

Leica N/A

Leica SP8 inverted microscope Leica N/A

Nikon Eclipse Ts2R microscope Nikon N/A

Sheep-anti-rat IgG Dynabeads� Invitrogen Cat# 110-35

StepOnePlus RT PCR system Applied Biosystems N/A

Tecan Spark� 10M microplate reader Tecan N/A

Tissue culture-treated dishes Corning Cat# 430167

Tissue culture-treated dishes (60mm) Corning Cat# 430166

Transwell filters (0.4mm pore size) Corning Cat# 3413

(Continued on next page)
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Tri-Carb 2100TR Liquid Scintillation

Counter

Packard Instruments Cat# 2000CA

ULTIMA GOLD scintillation liquid PerkinElmer Cat# 6013326

UltraComp eBeads Plus

Compensation Beads

Invitrogen Cat# 01-3333-42

Zeiss Stemi 508 Zeiss N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Prof. Maike

Frye (m.frye@uke.de).

Materials availability
ES cell line containing ‘knockout-first’ Pde2a allele (Pde2atm1a(EUCOMM)Wtsi) is available from the European Conditional Mouse Muta-

genesis Program (EUCOMM).

Data and code availability
The authors declare that the data supporting the findings of this study are available within the paper and its supplementary informa-

tion. Bulk RNA sequencing data reported in this publication have been submitted to the European Nucleotide Archive (ENA). Acces-

sion number is listed in the key resources table. Tabula muris data were downloaded from NCBI GEO database (accession number:

GSE109774). Original western blot images of the main figures and source data have been deposited on Mendeley at https://doi.org/

10.17632/mmz2gznth5.1 and are publicly available at the date of publication. Microscopy data reported in this paper will be shared

by the lead contact upon request. This paper does not report original code.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal models
All experiments were approved by the Behörde f€ur Justiz und Verbraucherschutz der Freien und Hansestadt Hamburg, Germany

(permit number: N070/2019). All the animal procedures conformed to the Directive 2010/63/EU of the European Parliament on the

protection of animals used for scientific purposes. The animals were kept in the breeding facility of the University Medical Center

Hamburg-Eppendorf under animal-friendly husbandry conditions in all phases of life. This applies to the space available, group or

individual housing and cage enrichment.

Tie2-Cre (B6.Cg-Tg(Tek-cre)1Ywa/J41 - RRID:IMSR_JAX:008863), Cdh5-CreERT2 (Tg(Cdh5-cre/ERT2)1Rha69 - RRID:IMS-

R_EM:14891), Prox1-CreERT2 (Tg(Prox1-cre/ERT2)1Tmak70 - RRID:IMSR_EM:13737) and Pde2a global knockout (B6; 129P2-

Pde2A < tm1Dgen>/H; EM: 0236625 - RRID:IMSR_EM:02366) mouse lines were previously described. ES cell line containing

‘knockout-first’ Pde2a allele (Pde2atm1a(EUCOMM)Wtsi) was obtained from The European Conditional Mouse Mutagenesis Program

(EUCOMM). After obtaining germ line transmission, LacZ-neo cassette was removed by crossing with a FLPe deleter strain71 fol-

lowed by mating to C57BL/6J for at least five generations.

Pde2a; Tie2-Cre
Breeding pairs of Pde2afl/fl female and Pde2afl/+;Tie2-Cre male mice were used to generate Pde2afl/+; Tie2-Cre and littermate

Pde2afl/fl control embryos.

Pde2a; Cdh5-CreERT2

Breeding pairs of Pde2afl/fl female and Pde2afl/fl;Cdh5-CreERT2malemice were used to generate Pde2afl/fl; Cdh5-CreERT2 and litter-

mate Pde2afl/fl control embryos.

Pde2a; Prox1-CreERT2

Breeding pairs of Pde2afl/fl male or female and Prox1-CreERT2 male or female mice were used to generate Pde2afl/fl; Cdh5-CreERT2

and littermate Pde2afl/fl pups. All experimental embryos/mice were compared to control embryos/mice from the same litter. All em-

bryos/mice in experiments had equal distributions of both sexes.

Experiments were performed at embryonic day (E) 14.5, E16.5, E17.5 or postnatal day (P) 11, while mouse endothelial cell isolation

was performed from organs of 12-weeks-old mice. Mouse genotyping was performed by extracting genomic DNA from tail clip sam-

ples using blackPREP Rodent Tail DNA Kit according to the manufacturer’s instruction. Samples were genotyped by PCR (primers

used for PCR can be found in the key resources table). To induce Cre-mediated recombination in embryos, pregnant females from

Pde2a; Cdh5-CreERT2 line were injected intraperitoneally with 1mg 4-hydroxytamoxifen (stock 10mg/ml in peanut oil) from E10.5 for

4 consecutive days using an Inject�-F syringe. For postnatal induction of Cre-mediated recombination, mice from Pde2a;
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Prox1-CreERT2 line were injected intraperitoneally with 2ml of 4-hydroxytamoxifen (stock 25mg/ml in 100%ethanol) at P2 and P3with a

Hamilton� syringe. To induce Cre-mediated recombination for mEC isolation, 8-week-oldmice fromPde2a; Cdh5-CreERT2 line were

injected intraperitoneally with 1mg tamoxifen (stock 10mg/ml in peanut oil) for 5 consecutive days using an Inject�-F syringe.

Cell culture models
Primary human dermal lymphatic endothelial cells (HDLECs) and human umbilical vein endothelial cells (HUVECs) were obtained

from PromoCell. HDLECs are isolated from junvenile forskin and therefore are solely available as male cells. HUVECs are isolated

from human umbilical veins and were purchased as a pool from different donors with both sexes.

Cells were seeded on tissue culture-treated dishes coated with 1mg/ml bovine fibronectin diluted in Dulbecco’s phosphate buff-

ered saline (referred to as PBS). HDLECs were cultured in complete Endothelial Cell Growth Medium MV2 medium with 25ng/ml of

recombinant human VEGF-C and HUVECs were cultured in complete Endothelial Cell Growth Medium. Note, to study PDE2A func-

tion in vitro, EC monolayer have to be grown to maximum confluency to obtain ‘‘tight junctions’’ with high CLDN5 expression. To

obtain ‘loose’ CLDN5Low junctions, cells were seeded at 65% of standard cell numbers seeded for ‘tight’ CLDN5High junctions. Mu-

rine endothelial cells (mECs) were cultured in mEC medium (0.1% bovine brain extract (BBE)/10% FBS/1%penicillin-streptomycin/

1% Non-Essential Amino Acid (NEAA)/Dulbecco Modified Eagle Medium (DMEM). All cells were cultured at 37�C in a humidified at-

mosphere with 5% CO2 (HDLECs and HUVECs) or 10% CO2 (mECs).

METHOD DETAILS

Murine endothelial cell isolation
mECs were isolated from lung of Pde2a-flox controls and Pde2aflox; Cdh5-CreERT2mutants as previously described.78 Three lungs

isolated from 12-week-old mice were pooled per genotype. Macrovessels were removed and remaining tissue was thoroughly

minced using scissors for 15min. Lung tissue was digested using 1mg/ml Collagenase A (diluted in PBS with 1.25mM CaCl2) in a

37�C water bath for 1.5h, with gentle agitation every 15min. The cell suspension was then passed through a 40mm cell strainer

and single cells were pelleted by centrifugation at 300xg for 5min without deceleration. The cell pellet was resuspended in 2mL me-

dium with sheep-anti-rat IgG Dynabeads� coupled with a CD31 antibody (clone Mec13.3, diluted 1:33). The mix was incubated at

4�C for 45min with constant rotation. Cells coupled to the CD31-Dynabeads�were positively selected using a DynaMag�-2 washed

twice with mEC medium, resuspended in fresh mEC medium and plated on fibronectin-coated culture dishes, as described above.

Lung mECs were sorted again once the monolayer has reached confluency. mECs were then processed for microRNA isolation and

Western blot analysis.

RNA interference
FlexiTube siRNA was used to knock-down human PDE2A. AllStars Negative CTRL siRNA was used as control. Cells were subjected

to transfection 24h after plating, using Lipofectamine 3000 according to the manufacturer’s instructions.

Cell growth on stiffness hydrogels
24-well Plate Softwell Easy Coat hydrogels of different stiffness (0.1, 1, 2, 4 and 25kPa) were coated with 10mg/ml collagen I rat tail

diluted in PBS at 4�C and then at 37�C for 1h each. For some experiments, hydrogels were prepared in-house following the protocol

of Tse and Engler.79 In brief, 0.1M NaOH treated cover slips were silanated with 3-Aminopropyltriethoxysilane and the acrylamide:-

bis-acrylamide mixture for the desired stiffness was added to the coverslip. A hydrophobic coverslip (pre-treated with Dichlordime-

thylsilane) was placed on top to form a flat surface. After 30min polymerization, the hydrophobic coverslip was removed and the hy-

drogels crosslinkedwith 0.2mg/ml Sulpho-SANPAH using 365nmUV light. Hydrogels were thoroughly washedwith 50mMHepes pH

8.5 and then incubated with 10mg/ml collagen (diluted in 50mM Hepes pH 8.5) overnight. 0.3x105 HDLECs were plated on 12mm

diameter hydrogels in a volume of 50ml, allowed to attach at RT for 5min and then at 37�C for 15min, before additional culturemedium

was added. After 24h culture, cells were fixed with 4% PFA in PBS at RT for a total of 20min, with a change of fixative in between and

were then processed for immunofluorescence as described below. For RNA sequencing or Western blot analysis, depending on

experiment, 2 or 3 x105 cells were plated on 30mm hydrogels in a volume of 100ml. On the day of harvest, cells were incubated in

OptiMEM Reduced SerumMedium at 37�C for 30min. OptiMEMwas aspirated, cells were carefully washed with PBS and detached

from the hydrogels using 0.05%Trypsin/EDTA. Trypsinization was stopped by adding freshmedium after 5min, cells were pelleted by

centrifugation at 200xg and RNA or protein isolation was performed as described below.

Bromodeoxyuridine (BrdU) incorporation assay
HDLECswere seeded on fibronectin-coated 6-well plate dishes at 2x105 cells per well and transfectedwith CTRL orPDE2A siRNA as

described above. The day after transfection, cells were trypsinized and seeded in 8-well Lab-Tek II chamber slides at concentrations

of 0.2x105, 0.5x105 and 1x105 cells per well. After 36h ECGMV2 was changed to basal medium (ECGMV2 without supplements) for

4h. Next, 3mg/ml BrdU with 100ng/ml VEGF-C in basal medium were added to the cells for 12h. Subsequently, cells were fixed with

4% PFA in PBS for 20min at RT. Samples were washed once with PBS and incubated with 2N HCL at RT for antigen retrieval for

30min, followed by immunofluorescence analysis.
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in vitro permeability assay
To determine paracellular permeability, 0.4x105 CTRL or PDE2A siRNA treated HDLECs or HUVECs were seeded on fibronectin-

coated Transwell filters (0.4mm pore size) and grown to confluency. When maximum confluency was reached, 0.25mg/ml FITC-

dextran (40kDa) diluted in ECGMV2 was added to the upper chamber of the Transwell filters and monolayer diffusion was allowed

for 1h. Fluorescence in the lower chamber was measured with a Tecan Spark� 10Mmicroplate reader, and monolayer integrity was

confirmed by immunofluorescence staining for VE-cadherin after each assay.

cAMP and cGMP incubation
1x105 HDLECs were seeded per well in a fibronectin-coated 8-well Lab-Tek II chamber slide. After 48h culture, cells were incubated

with 250mM8-Br-cAMP or 250mM8-Br-cGMP for 1h and 48h, respectively. Subsequently, cells were fixed with 4%PFA in PBS at RT

for 20min. Samples were washed once with PBS followed by immunofluorescence analysis as described below.

cAMP/cGMP quantification
cAMP and cGMP measurements were performed using Direct cAMP ELISA Kit and Direct cGMP ELISA Kit. In both cases, the acet-

ylated version of the assays was performed. HDLECs and HUVECs were seeded on fibronectin-coated 6-well plates at 2x105 cells

per well and transfected with CTRL or PDE2A siRNA. After 72h, cell pellets were collected, snap frozen and stored at -80�C. To mea-

sure cAMP/cGMP, cells were lysed in 300mL lysis buffer (0.1N HCL/ 0.1% Triton-X100) at RT for 10 min. After centrifugation at

9,500xg for 10 min, 250mL of samples were transferred to a new tube and processed according to the manufacturer’s instructions.

Optical density was measured with a Tecan Spark� 10M microplate reader.

Phosphodiesterase activity assay
Cells were homogenized in 20mM Tris-HCl buffer (pH 7.2, 0.2mM EGTA, 5mM b-mercaptoethanol, 2% (v/v) antiprotease cocktail,

1mM PMSF, 5mM MgCl2, 0.1% (v/v) Triton X-100 and centrifuged at 14,000xg for 30 min at 4�C. PDE activity was measured on

the supernatant according to the method described by Thompson and Appleman80 in 60mM Hepes (pH 7.2, 0.1mM EGTA, 5mM

MgCl2, 0.5mg/ml bovine serum albumin and 30mg/ml soybean trypsin inhibitor), in a final volume of 0.15ml. The reaction was started

by adding tritiated substrate ([3H] cGMP) at a final concentration of 1mM. The reaction was stopped by adding 50ml of 0.1N HCl and

then neutralized with 50ml of 0.1N NaOH in 0.1M Tris-HCl pH 8.0. Subsequently, 2ml of 2mg/ml of 5ʹ-nucleotidase (snake venom from

Crotalus atrox) in 0.1M Tris-HCl pH 8.0 were added. Samples were gently mixed and incubated at 30�C for 30min to allow complete

conversion of 5’-nucleotide to its corresponding nucleoside. Unhydrolyzed cyclic nucleotide and the corresponding nucleoside were

separated by DEAE-Sephadex A-25 columns. The eluate was mixed with ULTIMA GOLD scintillation liquid (PerkinElmer, USA) and

counted on a Tri-Carb 2100TR Liquid Scintillation Counter (2000CA; Packard Instruments, USA). To evaluate the enzymatic activity of

PDE2A, the specific inhibitor BAY 60-7550 was added to the reaction mix at a final concentration of 0.1mM.

Notch activity assay
To activate Notch signaling in LECs, 2x105 HDLECs per well or 1x105 HDLECs per well were seeded on fibronectin-coated 6-well

plate dishes or 8-well Lab-Tek II chamber slides respectively, and transfected with CTRL or PDE2A siRNA. After 72h, HDLECs

were treated twice every 12h with human recombinant soluble DLL4 (sDLL4) (1mg/ml) for a total of 24h, followed by protein isolation

or fixation for immunofluorescence.

To block NOTCH signaling in LECs, 1x105 HDLECs per well were seeded on fibronectin coated 8-well Lab-Tek II chamber slide.

72h after plating, HDLECswere incubated for 24hwith N-[N-(3,5-Difluorophenacetyl-L-alanyl)]-(S)-phenylglycine t-butyl ester (DAPT)

(5mM) and subsequently processed for immunofluorescence.

p38 inhibition assay
To inhibit phosphorylation of p38 in LECs, 1x105 HDLECs per well were seeded on fibronectin-coated 8-well Lab-Tek II chamber

slide, transfected with CTRL or PDE2A siRNA and, after 72h, treated with p38 inhibitor SB203580 (10mM) for 24h.

RNA sequencing
RNA sequencing (RNAseq) was performed by BGI, Shenzhen, China. Briefly, mRNA molecules were purified from total RNA using

oligo(dT)-attached magnetic beads and fragmented into small pieces using mechanical fragmentation (6min with 85�C). First-strand
cDNA was generated using random hexamer-primed reverse transcription, followed by a second-strand cDNA synthesis. The syn-

thesized cDNA was subjected to end-repair and was 3’-adenylated. Adapters were ligated to the ends of the 3’-adenylated cDNA

fragments. The adapters were used to amplify cDNA fragments using PCR. PCR products were purified with Ampure XP Beads,

and dissolved in elution buffer (EB). The library was validated on the Agilent Technologies 2100 bioanalyzer. Next, the double

stranded PCR products were heat-denatured and circularized by the splint oligo sequence. The single strand circle DNA (ssCirDNA)

were formatted as the final library. For sequencing, the library was amplified with phi29 DNA polymerase to generate DNA nanoballs

(DNB) which had more than 300 copies of one DNA fragment. The DNBs were loaded into the patterned nanoarray and pair end 100

bases reads were generated using sequencing by synthesis.

The quality of the sequence reads was assessed by FastQC (v0.11.9). Trimmomatic (v0.36) was employed to remove sequencing

adapters and low-quality bases (Phred quality score below 20) from the 3’-end of the sequence reads.81 Thereafter, reads were
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aligned to the human reference assembly (GRCh38.98) using STAR (v2.7.3a).74 Batch effect correction was applied with

ComBat-seq.75 Differential expression was assessed with DESeq2,76 a gene was considered differentially expressed if the corre-

sponding False Discovery Rate (FDR) was lower than or equal to 0.1 and the absolute log2-transformed fold change (log2FC) was

higher than or equal to 0.5. The detection of overrepresented pathways was performed using WebGestalt platform 2019.82

Immunofluorescence
Mouse tissues

For immunostaining of whole-mount back skins, P11 mesenteries and 100mm vibratome sections, tissues were fixed in 4% PFA or

ice-cold Methanol (for CLDN5 analysis) overnight at 4�C, permeabilized in 0.5% Triton-X100/PBS and blocked in 0.3% Triton-X100/

PBS (PBSTx)/3% BSA (blocking buffer). Primary antibodies were incubated in blocking buffer at 4�C overnight. After washing in

PBSTx, the samples were incubated with Alexa Fluor (AF)-conjugated secondary antibodies in blocking buffer at 4�C overnight. After

further washing, the tissue samples were mounted in Fluoroshield Mounting Medium without DAPI. Staining was performed at RT if

not specified otherwise. The following antibodies were used: goat antiPROX1 (1:100), rat anti-Endomucin (1:100), rat anti-CD31

(1:100), mouse anti-PDE2A (1:50), goat anti-NRP2 (1:20), goat anti-VEGFR3 (1:100), goat anti-VE-cadherin (1:200), rabbit anti-

LYVE1 (1:200), rabbit anti-CLDN5 (1:50), and mouse anti aSMA-cy3 (1:50). Secondary antibodies conjugated to AF488, AF594

and AF647 were obtained from Jackson ImmunoResearch (all used 1:200).

Cells

For immunostaining of HDLECs and HUVECs, cells were seeded in fibronectin–coated 8-well Lab-Tek II chamber slides at the

desired concentration (from 0.2x105 to 1x105 cells per well) and transfected with CTRL or PDE2A siRNA as described above. 72h

post-transfection, cells were fixed with 4% PFA in PBS at RT for 20min or with ice-cold methanol (for CLDN5 immunostaining) at

4�C for 20min. Samples were permeabilized using 0.5% Triton-X100/PBS for 5min followed by blocking with 2% BSA/PBSTx for

1h. Primary antibodies were incubated for 1h, followed by washing twice with PBSTx and subsequently cells were incubated with

secondary antibodies for 45min before further washing and mounting in Fluoroshield Mounting Medium with DAPI. Staining was per-

formed at RT if not specified otherwise. The following antibodies were used: goat anti-PROX1(1:100), mouse anti-PDE2A (1:50), rab-

bit anti-KI67 (1:200), mouse anti-VE-cadherin (1:100), rabbit anti VE-cadherin (1:100), rabbit anti-CLDN5 (1:50), anti-Cleaved

NOTCH1 (1:20), and mouse anti-BrdU (1:2.5 in 3% BSA/PBSTx). Secondary antibodies conjugated to AF488, AF594 and AF647

were obtained from Jackson ImmunoResearch (all used 1:200). Additionally, AF594- or AF488 Phalloidin (1:40) were used. To detect

NOTCH1 intracellular domain (NICD) in HDLECs, Alexa Fluor� 555 Tyramide SuperBoost� Kit was used according to the manufac-

turer’s instruction.

Immunoprecipitation
4.5x105 HDLECs were seeded in 60mm tissue fibronectin-coated culture-treated dishes. After 24h, cells were treated with CTRL or

PDE2A siRNA as described above. 48h post-transfection EGMV2 medium was changed to basal medium for overnight incubation.

The next day at 72h post-transfection, samples were treated with 100ng/mL VEGF-C for 30min, then protein isolation was performed

adding 300mL of ice-cold p-Tyr lysis buffer (20mM Tris-HCL pH7.4/150mMNaCl/2mMCaCl2/1.5mMMgCl2/1% Triton-x-100/0.04%

NaN3/EDTA-free protease inhibitors)/1mMNaVO4 per dish. Cell lysates were incubated at 4�C in overhead rotation for 30min, centri-

fuged at 14,000xg, 4�C, for 20min. 90mL of the supernatant from each sample was transferred into a new tube (total lysate (TL) sam-

ples), while 3mL anti-VEGFR3 antibody (Millipore) + 40mL Protein G Sepharose� Fast Flow were added to the remaining volume of

each sample (immunoprecipitation (IP) samples) and incubated at 4�C in overhead rotation for 2h. IP samples were then centrifuged

at 3,000xg, 4�C, for 3min, and the pellet washed three times with 1mL of ice-cold p-Tyr lysis buffer + EDTA-free protease inhibitors +

1mM NaVO4. Proteins were denatured using 4xLaemmli sample buffer with 10% b-mercaptoethanol for the TL samples or

1xLaemmli sample buffer with 10% b-mercaptoethanol for the IP samples at 95�C for 5min, then processed for Western blot as

described below.

Western blot
Total protein extract was obtained adding 200ml ice-cold pTyr lysis buffer (20mM Tris-HCl pH7.4/ 150mMNaCl/ 2mMCaCl2/ 1.5mM

MgCl2/ 1% Triton-x-100/ 0.04% NaN3/ EDTA-free protease inhibitors) to the cells plated on fibronectin-coated 6-well plates. Cell

lysates were incubated at 4�C in overhead rotation for 30min, then centrifuged to discard cell debris at 14,000xg, 4�C, for 15 min.

Supernatants were collected and protein concentration was determined using a Pierce� BCA Protein Assay Kit according to man-

ufacturer’s instructions. Subsequently, equal amounts of proteins were denaturated using 4xLaemmli sample buffer with 10% b-mer-

captoethanol at 95�C for 5min, then separated via SDS-PAGE. Proteins were transferred to a Immobilion�-P Transfer Membrane

(0.45mm pore size) and blocked for 1h at RT in 1xTris Buffered Saline Tween (TBST) (150mM NaCl/ 10mM Tris-HCl (pH 7.4)/

0.05% Tween/ 5% (w/v) milk powder). When phosphorylation was analysed, the membrane was blocked with 1xTBST/2% BSA/

200mM NaVO4. The membranes were subjected to overnight incubation at 4�C with primary antibodies diluted in 1xTBST/5%

BSA. Membranes were rinsed three times with 1xTBST for 10min each and incubated with HRP-conjugated secondary antibodies

(diluted in TBST/5% (w/v) milk powder) at RT for 1h. Membranes were rinsed three times with TBST for 10min each and specific bind-

ing was detected using the enhanced chemiluminescence (ECL)� Select Western Blotting Detection Reagent and the Gel Doc�MP

Imaging System. Proteinmolecular masseswere estimated relatively to the electrophoretic mobility of co-transferred prestained pro-

tein marker PageRuler� Prestained Protein Ladder. The following primary antibodies were used: mouse anti-PDE2A (1:300), rabbit
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anti-PDE3A (kind gift of Chen Yan,77 1:1000), goat anti-VEcadherin (C19 clone, 1:250), goat anti-VEcadherin (1:1000), rabbit anti-

CLDN5 (1:500), mouse anti-VEGFR3 (1:500), mouse anti-phosphotyrosine (4G10 clone, 1:1000), rabbit anti-p38 MAPK (1:1000), rab-

bit anti-phospho-p38 MAPK (1:1000), rabbit anti-b-actin (1:1000), and goat anti-PROX1 (1:200).

Flow cytometry
Back skins were collected from E14.5 Pde2a; Tie2-Cre or E17.5/E18 Pde2a; Cdh5-CreERT2 embryos, dissected in ice-cold PBS and

then digested with 4mg/ml Collagenase Type IV/ 0.2mg/ml DNase I/10% FBS/PBS (for E17.5 enzyme concentrations were doubled)

under constant shaking with 700 rpm at 37�C for 12-15min (E14.5) or 40 mins (E17.5). Samples were filtered using a 70mm nylon filter

and thenwashed twicewith FACS buffer (0.5%FBS/2mMEDTA in PBS) to quench enzymatic activity by dilution, before the cell pellet

was resuspended in 100ml Fc block (1:100 in FACS buffer) and incubated on ice for 10min. Next, cells were stained with CD31-PE-

Cy7 (1:300), PDPN-APC (1:200), CD45-eF450 (1:20), Ter119-eF450 (1:20) and CD11b-eF450 (1:20) on ice for 15min. Dead cells were

labelled using 1mM SytoxBlue. Cells were re-filtered and directly subjected to sorting with a BD Biosciences FACSAria�IIIu run with

Diva 8.0.1 software. Single cells were gated from FSC-A/FSC-H plots, followed by exclusion of dead cells and immune cells (CD45+/

Ter119+/CD11b+). ECs were gated based on CD31 and LECs (CD31+/PDPN+) were collected directly in RLT lysis buffer for RNA

isolation. Compensation was achieved using UltraComp eBeads Plus Compensation Beads. If not stated otherwise samples were

incubated and handled on ice.

qRT-PCR analysis
For qRT-PCR analysis of HDLECs, HUVECs and mECs, total RNA was isolated by RNeasy� Mini Kit. In case of sorted murine ECs

RNAeasy�Micro Kit was used. RNA was reverse transcribed using SuperScript� IV VILO cDNA Synthesis Kit according to the man-

ufacturer’s instructions. cDNA from sortedmurine ECswas additionally pre-amplified using the TaqMan�PreAmpMasterMix. Gene

expression levels were analyzed using TaqMan�Gene Expression Assay and a StepOnePlus RT PCR system. Relative gene expres-

sion levels were normalized to GAPDH. The following probes were used for human samples: Hs99999905GAPDH, Hs00194509_m1

DLL1, Hs00704917_s1 GJA4, Hs01577197_m1 PSEN2, Hs00159935_m1 PDE2A, Hs01012698_m1 PDE3A, Hs01098928_m1

PDE10A, Hs00698272_m1 PDE12, Hs00963643_m1 PDE4B, Hs01579625_m1 PDE4D, Hs01062025_m1 PDE6D and Hs01079617_

m1 PDE8A. For murine cells, the following probes were used: Mm99999915_g1 Gapdh, Mm01136644_m1 Pde2a and

Mm00468865_m1 Hey1 and Mm01278617_m1 Mki67.

microRNA expression analysis
HDLECs were seeded in fibronectin-coated 6-well plate dishes with 2x105 cells per well and transfected with CTRL or PDE2A siRNA

as described above. At 72h post-transfection, microRNA (miRNA) was isolated using miRNeasy Mini Kit and reverse transcribed us-

ing TaqMan� microRNA Reverse Transcription Kit according to the manufacturer’s instructions. miRNA was isolated from lung

mECs of Pde2aflox controls and Pde2aflox; Cdh5-CreERT2mutants and processed similarly.miR-139-5p expression levels were an-

alysed using TaqMan�microRNA Assay and a TaqMan�Universal Master Mix II no UNGwith a StepOnePlus RT PCR system. Rela-

tive microRNA expression levels were normalized to RNU48 for HDLECs, or snoRNA202 and snoRNA234 for mECs.8 The following

probe was used for both sample types: MI0000693 miR-139-5p.

Förster resonance energy transfer (FRET) measurements
2x105 HDLECswere seeded on 25mmfibronectin-coated glass coverslips. Following 3 days in culture, cells were transducedwith an

adenoviral vector to express FRET-based biosensor pmEpac1-camps, targeted the plasma membrane,83 with multiplicity infection

of 0.1. After 40 to 48h, cells with sufficient sensor expression were used for FRET measurements performed on inverted fluorescent

microscope Leica DMI 3000 B with oil-immersion 63x/1.40 objective and the MicroManager 1.4 software. When quantifying FRET

responses, to facilitate better comparison, we calculated the changes of FRET ratio evoked by each drug administration as a %

ofmaximal FRET response evoked by 10mMFSK+ 100mM IBMX (a non-selective PDE inhibitor applied at the end of each experiment)

which results in positive % max values which reflect cAMP responses. FRET setup included CoolLED at 440nm, beam-splitter DV2

Dual View, and CMOS (OptiMOS, QImaging) camera chip to record images every 10sec. Tested compounds (BAY60-7550, Cilos-

tamid, human Atrial natriuretic peptide (ANP), Isoprenaline) were diluted in FRET buffer (144mM NaCl, 5.4mM KCl, 1mM, MgCl2,

1mM CaCl2, 10mM HEPES; pH 7.3). ImageJ was used for the analysis of raw data which were corrected offline in Microsoft Excel

as previously described.84

Image acquisition
Confocal images of whole-mount back skins, vibratome sections, P11 mesenteries and in vitro experiments represent maximum in-

tensity projections of Z-stacks that were acquired using a Leica SP8 inverted microscope with HCX PL APO CS 10x/0.40 DRY or HC

PL APO CS2 63x/1.30 GLYC objectives and Leica LAS-X software. Stereomicroscope images of embryos were acquired with Zeiss

Stemi 508 with Axiocam 208 Color.

Image quantification
All quantifications were done using Fiji ImageJ unless stated otherwise. For quantification of central actin, a threshold for junctional

VE-cadherin staining was applied, a threshold-based mask was created and pixel intensities of the junctional actin fraction and
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overall actin pixel intensity was subtracted. For HDLECs, 4–11 images (250mm2, maximum intensity projection images with 12

z-stacks) were acquired from n=2 independent experiments. For HUVECs, 5 images (250mm2, maximum intensity projection)

were acquired from n=3 independent experiments. For junctional CLDN5 immunostaining, pixel intensity measurements, a defined

threshold for junctional VE-cadherin staining was applied, a threshold-based mask was created and pixel intensities of CLDN5 im-

munostaining in the junctions was analysed. CLDN5 pixel intensities (integrated density) were detected from 6 images from n=2 in-

dependent experiments. Quantification of proliferating HDLECs was performed by manual counting of KI67+ or BrdU+ cells normal-

ized to the total number of DAPI+ cells per field of view. 4–5 regions for each condition were imaged and quantified from n=5

independent experiments for KI67 staining, n=3 independent experiments for BrdU assay at 0.2x105 and 1x105 cells per well and

n=2 independent experiments for BrdU assay at 0.5x105 cells per well. HDLEC numbers per field of view were quantified via

DAPI positive cell count of 3-5 images per sample fromn=3 independent experiments. Nuclear NICDwas quantifiedwithin DAPI-pos-

itive nuclei from 4-5 regions for each condition and from n=2 independent experiments.

Quantification of lymphatic vessel diameter and avascular midline was done using maximum intensity projection images of tile-

scanned E14.5 back skin samples (xy = 4800mm x 1000mm, upper thoracic region). For measurement of the distance of lymphatic

sprouts from the midline (i.e. avascular midline), dorsal midline was marked with a line in the upper thoracic region and 2–4 measure-

ments on each side of the midline were taken from n=16 Pde2aflox control embryos and n=13 Pde2aflox; Tie2-Cremutant embryos.

Clusters of LECs not connected to the proximal lymphatic network were not taken into account for measurements. Embryonic

lymphatic vessel diameter was determined by measuring the thickest part of each vessel segment in between branch points.

20–30 measurements in the upper thoracic region were taken from n=15 Pde2aflox control embryos and n=9 Pde2aflox; Tie2-Cre

mutant embryos. For blood capillary branchingmeasurement in the back skins, midline region without lymphatic vessels was consid-

ered (xy = 2000mm x 860mm) and analysed using the Skeletonize plugin in ImageJ. The final number of branches was calculated as

branch points/mm2 in n=10 Pde2aflox control embryos and n=8 Pde2aflox; Tie2-Cre mutant embryos. Postnatal lymphatic vessel

diameter was determined by measuring areas of the central lymphangion part. 21–30 measurements from 3-4 P11 mesenteric col-

lecting vessels were taken from n=2 Pde2aflox control embryos and n=2 Pde2aflox; Prox1-CreERT2 mutant embryos. The quantifi-

cation of jugular lymph sac lumen was performed using the ImageJ area measurement plugin with 1-4 measurements per embryo

and n=4Pde2aflox control and n=4Pde2aflox; Tie2-Cremutant embryos. For the classification of lympho-venous valves, n=10 valves

from n=8 Pde2aflox control embryos and n=6 valves from n=4 Pde2aflox; Tie2-Cremutant embryos were considered. Quantification

of VEGFR3 expression was done usingmaximum intensity projection images of E14.5 back skin samples (4 regions of xy = 1000mmx

1000mm, upper thoracic region) from n=5 Pde2aflox control embryos and n=4 Pde2aflox; Tie2-Cremutant embryos. A threshold was

applied to each region and the intensity of VEGFR3 signal was measured and normalized to the area of VEGFR3 signal. For quan-

tifications of PROX1+ cells in E17.5 back skins, 2-3 z-stack images (xy = 2000mm x 1500mm) per region (midline andmaturing plexus)

were analysed from n=3 Pde2aflox control embryos and n=5 Pde2aflox; Cdh5-CreERT2 mutant embryos. A threshold for nuclear

PROX1 staining was applied and particle analysis was performed to count positive nuclei. For quantifications of PROX1High valve

regions in E17.5 back skins, 1-2 regions of a 2-3 z-stack image (xy = 2900mm x 1500mm) were analysed from n=3 Pde2aflox control

embryos and n=5 Pde2aflox; Cdh5-CreERT2 mutant embryos. Postnatal lymphatic valve morphology was performed as previously

described.18 1-4 vascular branches were analysed from n=6 Pde2aflox control embryos and n=6 Pde2aflox; Prox1-CreERT2 mutant

embryos. For quantification of smooth muscle cell (SMC) coverage in postnatal mesenteries, 7-8 areas of 2-4 collecting lymphatic

vessels were imaged from n=2 Pde2aflox control embryos and n=2 Pde2aflox; Prox1-CreERT2 mutant embryos. A threshold was

applied to the aSMA signal and the intensity was measured and normalized per area of aSMA signal. Western blot signal quantifi-

cations were done using BioRad Image Lab Software or Fiji ImageJ.

RNA single-cell sequencing data analysis
The cellular expression of Pde2a in mouse lung tissue was extracted from the publicly available processed data and metadata pre-

sent in the Tabula Muris data set (deposited on Figshare).24 The data were normalized using the NormalizeData function as imple-

mented in the Seurat package.85 The normalized data were autoscaled, and principal component analysis (PCA) was performed on

variable genes followed by Uniform Manifold Approximation and Projection (UMAP) visualization (umap package).72 Clusters were

annotated based on literature-curated marker genes of cell phenotypes. The R implementation of the Plotly software (https://

plotly.com/r/) was used for violin and dot plot visualization.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism 9was used for graphic representation and statistical analysis of the data. All means are reportedwith standard error of

the mean (s.e.m). Two-tailed unpaired Student’s t-test was used to compare between two means (assuming equal variance) and

including Welch’s correction (not assuming equal variance). One-sample t-test was used to compare sample mean with a normalized

control value = 1 or 100.One-wayANOVAwith Turkey’s or Dunnett’s T3multiple comparison testswere used for comparison ofmultiple

conditions. SortedmurineLECsandBECsmRNA levelswerenormalized usingGAPDHashousekeepinggene, 2^(-dCT) calculatedasa

measure ofmRNAexpression per analysed sample and presented as the percentage ofmRNA relative to the average of the (respective)

controls. Differences were considered statistically significant when p<0.05. Statistical parameters are found in the figure legends.
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