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inflammatory microenvironments

Irena Roci', Jaeryung Kim'*, Kelly de Korodi'®, Tania Wyss', Jeremiah Bernier-Latmani', Silvia
Arroz-Madeira', Alejandra Gonzilez-Loyola'”, Esther Bovay'”, Nadia Grenningloh'”, Hans

Schoofs*, Noo Li Jeon**, Costanza Giampietro™®, Taija Mikinen>"*, Agnés Noél>'?, Tatiana V.
Petrova®!''*

! Department of Fundamental Oncology, University of Lausanne, and Ludwig Institute for Cancer Research

Lausanne, CH-1066 Epalinges, Switzerland.

Department of Immunology, Genetics and Pathology, Uppsala University, Uppsala, Sweden.

Department of Mechanical Engineering, Seoul National University, Seoul, Republic of Korea.

Institute of Advanced Machinery and Design, Seoul National University, Seoul, Republic of Korea

Department of Mechanical and Process Engineering, ETH Zurich, Zurich, Switzerland.

Swiss Federal Laboratories for Materials Science and Technology, Diibendorf, Switzerland.

7 Wihuri Research Institute, Biomedicum Helsinki, Helsinki, Finland.

Faculty of Medicine, University of Helsinki, Helsinki, Finland.

Laboratory of Tumor and Development Biology, GIGA, University of Liége (ULiége), Sart-Tilman, 4000

Liege, Belgium

10 WELBIO Department, WEL Research Institute, Avenue Pasteur, 6, 1300 Wavre, Belgium

' Swiss Institute for Experimental Cancer Research (ISREC), School of Life Sciences, Ecole Polytechnique
Fédérale de Lausanne (EPFL), CH-1015 Lausanne, Switzerland.

# Current address: Jaeryung Kim, Department of Ophthalmology, Samsung Medical Center, Sungkyunkwan
University School of Medicine, Seoul, Republic of Korea; Silvia Arroz-Madeira, Catolica Biomedical Research
Centre, Universidade Catolica Portuguesa, Oeiras, Portugal; Alejandra Gonzalez-Loyola, Aragon Health
Research Institute, (IISA) Zaragoza, Spain; Aragonese Agency Foundation for Research and Development
(ARAID), Zaragoza, Spain; Esther Bovay, Max Planck Institute for Molecular Biomedicine, Department of
Tissue Morphogenesis, D-48149 Miinster, Germany; Nadia Grenningloh, Institute of Bioengineering, School of
Life Sciences, Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland; Hans Schoofs,
Division of Molecular Pathology, Oncode Institute, The Netherlands Cancer Institute, Plesmanlaan 121, 1066
CX Amsterdam, the Netherlands.

& Contributed equally.

*Corresponding author: Tatiana V. Petrova, Department of Oncology, Ludwig Institute for Cancer Research
Lausanne and University of Lausanne, Chemin des Boveresses 155, CH-1066 Epalinges, Switzerland. Phone:
+41 21 314 2968; E-mail: tatiana.petrova@unil.ch

Abstract

Intestinal lymphatic vessels are essential for dietary lipid absorption and immune cell trafficking. Villus
lymphatic capillaries, lacteals, undergo continuous VEGF-C—dependent renewal to function in a
hyperosmolar, inflammatory environment exposed to dietary and microbial by-products. To define
mechanisms underlying this adaptation, we integrated new and published single-cell RNA-sequencing
datasets of murine small-intestinal lymphatic endothelial cells (LECs). Lacteal LECs resembled Ptx3*

immune-interacting LECs and were characterized by high expression of water channel AQP1. LEC-
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specific Agpl deletion reduced lacteal length, impaired lipid uptake, and limited weight gain on a high-
fat diet, while mosaic deletion revealed a cell-autonomous requirement for AQP1 in LEC positioning
at hyperosmolar tip regions. AQP1 promoted LEC migration under hyperosmotic stress by preserving
cytoskeletal and junctional remodeling and alleviating osmotic stress-induced transcriptional programs.
AQP1 was upregulated during inflammatory remodeling in lymphedema and lymphatic malformations,
but not during embryonic lymphangiogenesis. These findings link lacteal regeneration to inflammatory
lymphatic remodeling and highlight tissue osmolarity as a biophysical determinant of postnatal
lymphangiogenesis.

Keywords: AQP1, lacteals, osmotic stress, lymphangiogenesis, Ptx3+ LECs, lymphedema, lymphatic
malformation

Running title: AQP1 sustains stress-adaptive lymphangiogenesis

Non-standard abbreviations: AQP1, aquaporin-1; AQP1°%, AQP1-overexpressing; BRB-seq, bulk
RNA barcoding and sequencing; EBFP, enhanced blue fluorescent protein; EBM-2, endothelial basal
medium-2; EC, endothelial cells; EYFP, enhanced yellow fluorescent protein; FDR, false discovery
rate; GEO, Gene Expression Omnibus; GO, gene ontology; HFD, high-fat diet; JAIL, junction-
associated intermittent lamellipodia; LD, lymphedema; LEC, lymphatic endothelial cell; NCD, normal
chow diet; PI3K, phosphoinositide 3-kinase; PLA, proximity ligation assay; RPMI, Roswell Park
Memorial Institute medium; RT-qPCR, quantitative real-time PCR; SCENIC, single-cell regulatory
network inference and clustering; scRNA-seq, single-cell RNA sequencing; TG, triglyceride; UMAP,
uniform manifold approximation and projection; UMI, unique molecular identifier; VEGF-C, vascular

endothelial growth factor C; VEGFR3, VEGF receptor 3; VPT, Vascular Phenotypic and Proteomic

Introduction

The lymphatic vascular system plays a crucial role in fluid homeostasis, lipid absorption, and immune
surveillance (Petrova and Koh, 2018; Ulvmar and Mikinen, 2016; Oliver et al., 2020). Interstitial fluid
and immune cells are first taken up by blind-ended lymphatic capillaries, from which lymph is
transported through valved collecting vessels to lymph nodes and eventually returned to the
bloodstream. Recent single-cell RNA sequencing (scRNA-seq) studies have revealed distinct molecular
profiles of capillary, pre-collecting, and valve lymphatic endothelial cells (LECs), reflecting their
functional specialization (Norrmén et al., 2010; Petkova et al., 2023; Xiang et al., 2020; Gonzalez-
Loyola et al., 2021). Similarly, blood endothelial cells (ECs) exhibit transcriptional heterogeneity
reflecting their functions into arteries, veins, and capillaries. Additionally, multiple organ-specific blood
EC subsets, such as blood-brain barrier ECs, liver sinusoidal ECs, lung aerocytes, and lipid-processing

ECs, have been described (Augustin and Koh, 2017; Geldhof et al., 2022). However, while lymph node
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LECs display notable specialization (Xiang et al., 2020; Takeda et al., 2019; Fujimoto et al., 2020),
LECs across different organs, including the small intestine, appear to be more homogeneous than blood

ECs (Kalucka et al., 2020; Trimm and Red-Horse, 2023).

The primary functions of small intestinal lymphatics include dietary lipid absorption and
regulation of immune responses to gut microbiota and dietary antigens (Bernier-Latmani and Petrova,
2017; Bernier-Latmani et al., 2024). Lacteals, the lymphatic capillaries located in small intestinal villi,
serve as the main sites of dietary lipid uptake. Unlike other adult lymphatic vessels, lacteal LECs
maintain a pro-lymphangiogenic phenotype (Bernier-Latmani et al., 2015; Nurmi et al., 2015) in a
hyperosmolar microenvironment, with villus tip osmolarity reaching ~600 mOsm during nutrient
absorption (Hallbédck et al., 1991). During fat absorption, chylomicron accumulation and increased
solute concentration generate osmotic gradients that acutely alter lacteal junction configuration
(Zarkada et al., 2023). Following absorption, lymph is transported through submucosal vessels to the
mesenteric collecting vessels for systemic distribution. Beyond their role in nutrient transport, LECs
from crypt-associated lymphatic vessels secrete factors such as R-SPONDIN-3 and reelin, which
promote intestinal stem cells and intestinal regeneration upon injury (Goto et al., 2022; Palikuqi et al.,

2022; Niec et al., 2022).

Although these findings highlight intestinal lymphatics as critical for lipid uptake and tissue
repair, the adaptation of lacteals to the distinct, high-osmolarity (Hallbéck et al., 1991) and hypoxic
(Singhal and Shah, 2020) environment of small intestinal villi has yet to be fully explored. Therefore,
we aimed to refine the characterization of murine intestinal LECs by integrating scRNA-seq data from
new and published datasets. Our results reveal a distinct transcriptional program distinguishing lacteal
from submucosal and serosal intestinal LECs and show that lacteals closely resemble a recently
identified subset of Ptx3" immune-interacting LECs (Petkova et al., 2023). We identify Agp1, encoding
a highly conserved water channel (Agre et al., 1993, 2002), as a member of the Ptx3" gene signature
and demonstrate that AQP1 is necessary for lacteal maintenance and efficient dietary lipid uptake. Using
mosaic deletion, we show that AQP1 is required cell-autonomously for LECs to occupy high-osmolarity
lacteal tip positions. We explore the regulatory mechanisms controlling AQP1 expression, including its
modulation by VEGFR3 signaling and microbial cues, and demonstrate that AQP1 facilitates junctional
and cytoskeletal remodeling, rescuing hyperosmotic stress-induced junctional tightening and
transcriptional programs. We further examine AQP1 expression during development and under
inflammatory conditions, such as in lymphatic malformations, immunization and lymphedema,
revealing that AQP1 expression distinguishes stress-adaptive from embryonic lymphangiogenesis.
Altogether, our findings establish AQP1 as a mediator of stress-adaptive lymphatic remodeling, connect
lacteal regeneration to inflammatory remodeling of the lymphatic vasculature and highlight tissue

osmolarity as a key biophysical factor in postnatal lymphangiogenesis.
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Results

Characterization of small intestinal LEC subsets

To explore the heterogeneity of LECs in the mouse small intestine, we conducted an integrated scCRNA-
seq analysis by combining datasets from our current study (samples 1-5) and three published datasets

(samples 6-8) (Kalucka et al., 2020; Niec et al., 2022; Wiggins et al., 2023)(Fig. 1A and Table S1). We

identified 6802 LECs based on the expression of the pan-endothelial marker Pecaml, lymphatic
markers Prox] and Vegfr3 (Flt4), and the absence of the blood endothelial marker F/¢/ (Tacconi et al.,
2021). Visualization of the integrated intestinal LEC datasets using Uniform Manifold Approximation
and Projection (UMAP) revealed a single, continuous grouping of cells, indicating overall
transcriptional similarity (Fig. S1A). However, unsupervised clustering separated the cells into three
subclusters, revealing underlying heterogeneity within this population (Fig. 1B). Among the cluster
defining markers, Cluster 0 showed elevated expression of Agpl, Fabp4, and Itih5; Cluster 1 was
enriched for Clca3al, Fxyd6, and Klhl4; and Cluster 2 displayed higher levels of Isgi35, Itih3, and Irf7
(Fig. 1C, Table S1).

To validate scRNA-seq analyses and spatially localize the identified clusters, we performed
immunofluorescence staining on small intestine tissues. AQP1 was highly expressed in lacteal LECs

with low to no expression in submucosal and serosal LECs (Fig. 1D and Fig. S1B), consistent with

previous findings (Nielsen et al., 1993; Gannon and Carati, 2003; Ma et al., 2001). In addition, fatty
acid-binding protein 4 (FABP4), associated with lipid transport and metabolism (Furuhashi and
Hotamisligil, 2008), was prominently expressed in lacteal LECs and neighboring LYVE1" blood
vessels, while staining was almost absent in submucosal LECs (Fig. 1E). In contrast, calcium-activated
chloride channel regulator 3A-1 (CLCA3AI, formerly mCLCA1) implicated in Ca**-dependent
chloride conductance and leukocyte adhesion and migration (Sala-Rabanal et al., 2015; Gandhi et al.,
1998; Furuya et al., 2010), was strongly expressed in serosal LECs and sporadically detected in
submucosal LECs, but not in lacteal LECs (Fig. 1F). Based on these spatial expression patterns and
prior anatomical characterizations (Unthank and Bohlen, 1988; Bernier-Latmani et al., 2015), we
designated Cluster 0 as lacteal LECs and Cluster 1 as submucosal and serosal (S/S) LECs (Fig. 1G).
Cluster 2 was characterized by increased expression of interferon-stimulated genes, suggesting a role
in immune response. Both lacteal and S/S markers were moderately expressed in these IFN cluster cells
(Fig. 1C), raising the possibility that tissue-processing stress upregulated interferon signaling
transcripts. We therefore removed IFN markers (Fig. 1C) and performed a new clustering analysis,
which yielded two clusters, with former IFN cluster cells redistributing to cluster 0 or 1, while retaining
expression of their original cluster markers (Fig. S1, C and D). scRNA-seq data from Wiggins et al.
(Wiggins et al., 2023) identified four LEC clusters (LEC1, LEC2a, LEC2b, and IFN; spatial localization

undetermined), with only the IFN cluster showing transcriptional similarity to our IFN LECs (Fig. 1A,
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Table S1). Differences from Wiggins et al. likely stem from methodological factors: LEC-only versus
LEC/BEC clustering, clustering parameters, and sample size (839 versus 6802 cells from 1 versus 8
mice). Taken together, our results reveal defining transcriptional profiles and spatial organization

among intestinal LECs subpopulations.

To characterize the functional roles of gut LEC subsets, we performed overrepresentation

analysis of Gene Ontology (GO) pathways (Fig. S1E, Table S1). Lacteal LECs were enriched in gene

sets associated with cytoskeleton organization, growth factor responses and cell migration, consistent
with previous studies showing continuous lacteal regeneration (Bernier-Latmani et al., 2015; Nurmi et
al., 2015). S/S LECs showed enrichment for RNA processing and translation, suggesting increased
protein synthesis requirements. Exposure to higher mechanical stress in the submucosal and muscularis
layers (Egorov et al., 2002) potentially drives enhanced protein synthesis to preserve vessel integrity.
As expected, IFN LECs were enriched for pathways associated with immune responses and viral

defense mechanisms.

In addition, we employed SCENIC (Aibar et al., 2017), a bioinformatics pipeline based on co-
expression and motif enrichment, to evaluate transcription factor activity in the LEC subsets. Lacteal
LEC:s displayed higher activity of SOX4, MXD4, NR2F2 (COUP-TFII), HEYL, IRFS8, and HMG20b,
although only Sox4, Mxd4, and Nr2f2 transcripts were clearly detected in lacteal LECs (Fig. S1. F and
G, Table S1). NR2F2 is essential for initiating and maintaining Prox/ expression during LEC
specification (Srinivasan et al., 2010), while SOX4 and MXD4 have not been previously linked to
lymphatic development or function. S/S LECs were enriched in regulons of FOXC1, FOXC2, FOXP1,
FOXP2, TBX1, EBF1, and FOXN3 (Fig. S1F), while expression of Foxpl, Foxp2, Thx1, and Ebf] was
also higher in this subset (Fig. S1F, Table S1). FOXC1/2, FOXP2, and TBX1 control collecting

lymphatic vessel development and function (Norden et al., 2020; Hernandez Vasquez et al., 2021; Chen
et al., 2010), suggesting a transcriptional similarity of S/S LECs with pre-collecting and collecting
lymphatics. Finally, IFN LECs displayed enrichment of regulons for key interferon response

transcription factors (Fig. S1, F and G) (Platanitis et al., 2019). Overall, these analyses confirm the
specialized identities of the gut LEC subsets.

All gut LECs express LYVEL and lack SMC coverage, suggesting they are lymphatic
capillaries (Schulte-Merker et al., 2011). However, lacteal and S/S LECs display distinct transcriptional
characteristics. To compare transcriptomes of intestinal LECs and those of other organs, we examined
cluster-specific markers of intestinal LECs with those in dermal (Petkova et al., 2023), lymph node
(Xiang et al., 2020), and mesenteric LECs (Gonzalez-Loyola et al., 2021) (Fig. 1H). S/S LECs most
closely resembled collecting and capillary dermal LECs; pre-collecting, valve, and proliferating
mesenteric LECs; and ceiling lymph node LECs (Fig. 1H), which originate from afferent collecting
lymphatic vessels (Bovay et al., 2018). These findings reinforce the idea that submucosal lymphatics

are pre-collectors. In contrast, lacteal LECs matched capillary LECs from the mesentery, but showed
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closer alignment with P#x3" capillary LECs, a subset found in inflamed skin and non-inflamed LNs
(Petkova et al., 2023; Xiang et al., 2020), rather than non-inflamed P#x3" capillaries from these organs
(Fig. 1H). The lacteal signature encompassed genes specific to Ptx3" LECs including Itih5, Mrcl,
Igfbp4, Aqpl, Ccnd2, Stabl, Mest, Tspanl8 (Table S1). Mrcl and Agpl were also identified as top
markers of Ptx3+ lung LECs (Fernandes et al., 2025). Notably, Ptx3 was expressed in lacteal LECs,
although it did not appear among the top genes because its expression was confined to a minor subset
(likely tip LECs, Fig. S1H), which can be overlooked in scRNA-seq analysis (Sibler et al., 2021; Xiang
et al., 2020). Altogether, these results show that intestinal LECs comprise two main populations: 1)
lacteal LECs in villi, which are transcriptionally similar to Ptx3" immune-interacting LECs, and 2) S/S

LEC:s that display transcriptional signatures of pre-collector lymphatics.

AQP1 promotes lacteal maintenance and dietary lipid uptake

Among genes enriched in lacteal LECs, Agp! ranked as one of the most defining markers (Fig. 1C).
AQP1 is a tetrameric integral membrane protein in which each monomer serves as an osmotically
driven, water-selective pore (Agre et al., 1993). Although extensively studied in the kidney epithelial
cells, AQP1 is also expressed in multiple other cell types (Agre et al., 2002), including blood ECs,
where it regulates angiogenic sprouting, cell migration, and permeability, particularly in response to
osmotic stress (Saadoun et al., 2005; Carter et al., 1998; Kondrychyn et al., 2025). Lacteals must sustain
their pro-lymphangiogenic phenotype (Bernier-Latmani et al., 2015; Nurmi et al., 2015) in an
osmotically challenging environment (Hallbéck et al., 1991). Given the established role of AQPI1 in
angiogenesis and its exclusive expression among aquaporins in lacteal LECs (Table S1), we
hypothesized that AQP1 is essential for lacteal function. Consistently, AQP1 was expressed in lacteals
throughout all regions of the small intestine (Fig. S2A), with significantly higher levels at the lacteal
tip compared to the base (Fig. 2A). In contrast, lymphatic vessels in the colon, where bulk water
absorption occurs but villus architecture and steep osmotic gradients are absent, showed no detectable

AQP1 expression (Fig. S2B).

To directly assess the functional role of AQP1 in lacteal physiology, we generated a conditional
knockout mouse model (4gp 1) by crossing Agp """ mice (Zhang et al., 2016), in which exons 2 and
3 of Agpl are flanked by loxP sites, with ProxI-CreERT2 mice (Bazigou et al., 2011), enabling
tamoxifen-inducible LEC-specific deletion of Agp! (Fig. 2B). Immunofluorescence staining showed a
marked reduction of AQP1 in lacteal LECs of Agp/™"* mice (Fig. 2C), validating the deletion.

1€ mice, although

Scattered AQP1-positive puncta 3-4 um in size appeared along the lacteals of Agp
their origin and significance remain unclear. We also confirmed efficient Agp/ deletion at the mRNA
level by isolating LECs from the small intestine using fluorescence-activated cell sorting (FACS) and

performing quantitative PCR targeting exons 2 and 3 of Agp! (Fig. S2, C and D).
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To assess the impact of Agp! deletion on lacteal morphology, we measured the relative lacteal
length, calculated as the ratio of lacteal length to blood vessel length within the same villus. The
distribution of relative lacteal length intervals revealed a significant shift toward shorter lacteals in
AgpI™ € mice (Fig. 2D). These findings indicate that Agp] is essential for maintaining normal lacteal
length. To assess whether other lacteal markers were affected, we examined PTX3 and FABPA4.
Expression of PTX3 was preserved, while the intracellular fatty acid transporter FABP4 (Furuhashi and
Hotamisligil, 2008) was reduced ~50% (Fig. S2, E-H). As PTX3 is a secreted protein, we verified lacteal
origin by re-analyzing published scRNA-seq data of lamina propria stromal cells (Fig. S21) (Bernier-
Latmani et al., 2022) and published bulk RNA-seq of intestinal epithelium (Fig. S2J) (Gonzalez-Loyola

et al., 2022), and found no Pzx3 expression in either.

To determine if lacteal function is hampered by loss of Agp! we performed lipid tolerance tests
in control and Agp1*“ mice. We measured serum triglyceride (TG) levels over time following oral
administration of a bolus of olive oil (Fig. 2E). AgpI“** mice showed significantly lower serum TG
levels at two hours post-gavage compared to controls (Fig. 2E), suggesting impaired uptake of dietary
lipids. To eliminate confounding effects from differential peripheral TG clearance, we performed lipid
absorption assays in the presence of the lipoprotein lipase inhibitor Tyloxapol (Fig. 2F). Under these
conditions, plasma TG levels reflect chylomicron entry from lacteals into circulation, independent of
peripheral metabolism. Agp1““*“ mice showed 1.6-fold lower plasma TG at 2 hours and 4.4-fold lower
at 3 hours post-gavage (Fig. 2F), establishing that reduced lipid absorption in Agp /™ mice results

from reduced chylomicron entry into the lymphatic system rather than altered peripheral metabolism.

To assess chronic consequences of lymphatic Agp! deficiency, we subjected mice to a high-fat
diet (HFD) for three weeks (Fig. 2G). Under standard diet, body weight was comparable between
control and Agpl“*¢ mice. However, under HFD, AgpI“** mice exhibited significantly reduced
weight gain compared to controls (Fig. 2G). This metabolic phenotype is consistent with reduced
chylomicron uptake resulting from shortened lacteal length. Thus, AQPI1 is required for lacteal

maintenance and efficient lipid absorption.

Lacteal AQP1 is induced by microbiota and VEGFR3 signaling

To elucidate the mechanisms regulating Agp/ expression in LECs, we investigated its expression during
early postnatal development when lymphatic vessels actively sprout and migrate in a VEGF-
C/VEGFR3-dependent manner to form lacteals (Tammela et al., 2008; Kim, Sung and Koh, 2007). At
P1 AQP1 expression in lacteals was low, sporadic and predominantly confined to the lacteal base (Fig.

3A and B). As development progressed, AQP1 expression extended along the lacteal, with a marked

increase at the tip by P5, resembling the spatial distribution observed in adult mice (Fig. 3, A and B).
These findings suggest that AQP1 expression in LECs is closely linked to postnatal intestinal
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maturation, possibly reflecting enhanced functional requirements for lipid absorption as the neonatal
gut transitions to enteral feeding (Knight et al., 1986). This transition coincides with the onset of
intestinal colonization, when the bacterial load increases dramatically in the first days of the postnatal
period (Hasegawa et al., 2010). To assess whether microbial signals modulate AQP1 expression, we
treated mice with broad-spectrum antibiotics. AQP1 expression in lacteals was significantly reduced in
antibiotic-treated mice (Fig. 3, C and D), while lymphatic LYVE] staining was unchanged. These data
indicate that microbial cues directly or indirectly contribute to the upregulation of AQP1 in lacteal
LECs. Lacteal length and FABP4 expression were unaffected by antibiotic treatment (Fig. S3, A-F),
while PTX3 showed a trend toward reduction (Fig. S3F), indicating selective effects on AQP1 rather
than global disruption of lacteal identity.

VEGF-C/VEGFR3 signaling drives the postnatal expansion of lacteals and their maintenance
in adults (Bernier-Latmani et al., 2015; Nurmi et al., 2015; Tammela et al., 2008). To investigate
whether VEGFR3 signaling regulates AQP1 expression in lacteal LECs we administered control IgG
or VEGFR3-blocking antibodies (mF4-31C1) (Pytowski et al., 2005) to mice at P4, P6, and P8 and
analyzed AQP1 expression at P10 (Fig. 3E). As expected, the treatment stunted postnatal lacteal
expansion. In addition, mice treated with mF4-31C1 exhibited a significant reduction in AQP1
expression in remaining lacteals compared to [gG2a-treated controls (Fig. 3F), while VEGFR3 staining
increased, likely due to decreased internalization (Deng et al., 2015). Collectively, these findings
demonstrate that both microbial colonization and VEGFR3 signaling contribute to AQP1 expression in

lacteals.

AQP1 enhances VEGF-C-induced LEC migration under osmotic stress

AQP1 is enriched at the lacteal tip where osmolarity is nearly twice that of the normosmotic villus base
and undergoes further fluctuations during nutrient absorption (Hallbéck et al., 1991). To test whether
AQP1 enables LEC migration under osmotic stress we employed in vitro functional assays using AQP1I-
overexpressing cells. We generated 4QPI-overexpressing (A0PI1°F) and control LECs expressing
enhanced blue fluorescent protein (EBFP?F) via lentiviral transduction (Fig. 4A). Western blot analysis
confirmed AQP1 overexpression, displaying distinct bands corresponding to glycosylated and non-
glycosylated forms (Denker et al., 1988), while control cells lacked detectable AQP1 expression (Fig.
4B). Immunofluorescence staining showed prominent membrane, junctional and cytoplasmic

localization of AQP1 in AQPI1°F LECs (Fig. 4C).

To assess the impact of AQP1 on lymphangiogenic responses, we employed a spheroid
sprouting assay (Zheng et al., 2011). LEC spheroids were embedded in fibrin gel and cultured in the

presence or absence of VEGF-C in normosmotic (~300 mOsm) or hyperosmotic (~500 mOsm)

conditions, reflecting osmolarity observed at the villus tip (Hallbéck et al., 1991) (Fig. 4, D and E).

8
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While VEGF-C stimulation promoted sprouting overall, this effect was significant only in AQP1%*
cells, which formed significantly more sprouts per spheroid than control cells under both normosmotic

and hyperosmotic conditions (Fig. 4, E and F, Table S2). Hyperosmotic stress suppressed sprouting in

both cell types relative to normosmotic conditions, however, AQP1°* LECs maintained significantly

higher sprout numbers and total sprout length as compared to controls (Fig. 4, F and G, Table S2). LECs

exposed to hypoosmotic conditions showed a tendency towards increased sprouting even without
VEGF-C, although AQP1 overexpression did not affect sprouting under these conditions (Fig. S4A).

1°F and control

The number of nuclei per 100 pm sprout length remained comparable between AQP
cells under all conditions (Fig. S4B), indicating that AQP1 promotes sprout formation independently

of altered proliferation or cell density within established sprouts.

To examine the cellular composition of sprouts we quantified nucleated sprouts (containing >1
nucleus) versus nuclei-free protrusions (Fig. S4C). Under VEGF-C stimulation at normosmotic
conditions, AQPI1° spheroids generated more nucleated sprouts (Fig. 4F) without significant
differences in total protrusion number (Fig. S4C). Under hyperosmotic stress with VEGF-C, both cell
types formed similar numbers of protrusions (Fig. S4C), but AQP1°F cells generated substantially more

sprouts (Fig. 4F).

Interstitial flow is an important parameter for lymphatic endothelial junctions and sprouting
(Lee et al., 2023). Therefore, we validated our findings in spheroids using a microfluidic sprouting
assay, the Vascular Phenotypic and Proteomic (VPT) platform in which LECs are also exposed to
interstitial flow (Jung et al., 2024). AQP1°* LECs similarly showed increased sprout number under
hyperosmotic stress (500 mOsm) in the VPT device without changes in nuclei per sprout (Fig. S4, D
and E). Collectively, our results demonstrate that AQP1 sustains lymphangiogenic sprouting under
osmotic stress, by enhancing both the number of sprout initiations and, specifically under osmotic stress,
the extent of their elongation, consistent with its known role in facilitating rapid cell volume changes

required for membrane protrusion and motility (Papadopoulos et al., 2008; Karlsson et al., 2013).

Agp1-deficient LECs fail to occupy lacteal tip positions

Having shown that AQP1 promotes LEC migration under hyperosmotic stress in vitro, we tested the
cell-autonomous AQP1 requirement in vivo. We generated Rosa26-EYFP;Aqpl“*““ mice and
administered reduced tamoxifen dosing to achieve mosaic Cre activation, for simultaneous Agpl
deletion and YFP expression in LECs (Fig. 4H), enabling tracking of AgpI-deficient cells. Three weeks
post-injection, whole-mount staining revealed significantly fewer YFP* LECs in AgpI™-C lacteals
compared to controls (Fig. 4, H and I), indicating depletion of AgpI-deficient cells. Spatial analysis
revealed that this depletion was position dependent: YFP* cells were enriched at the base (0-20% lacteal

length) and progressively depleted toward the tip (80-100%) (Fig. 4, J and K). This spatial exclusion
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validates our in vitro finding that AQP1 enables migration under hyperosmotic conditions and explains

the shortened lacteal phenotype observed with tissue-wide deletion (Fig. 4L).

AQP1 modulates cytoskeletal dynamics through B-catenin interaction

Hyperosmotic stress induces cortical actin formation and junction stabilization as a protective response
to prevent membrane deformation (Di Ciano et al., 2002), but these changes also limit protrusion
formation and reduce EC migration (Abu Taha and Schnittler, 2014). To investigate how AQP1
facilitates LEC migration under these conditions, we examined cytoskeletal and junctional architecture
by F-actin and B-catenin staining. In control LECs, hyperosmotic stress induced the formation of a
cortical actin cytoskeleton and thin, linear adherens junctions (Fig. SA). In contrast, AQPI-
overexpressing LECs maintained overlapping, reticular adherens junctions reminiscent of junction-
associated intermittent lamellipodia (JAIL) (Cao et al., 2017) and displayed prominent stress fiber
formation rather than cortical actin, even under hyperosmotic stress. These features, characteristic of
actively remodeling endothelium, were already evident in AQP1l-overexpressing LECs under
normosmotic conditions (Fig. SA). This pattern was confirmed by quantitative analysis of F-actin
intensity from cell periphery to center (Fig. 5B). AQPI overexpression also increased total -catenin
protein levels (Fig. 5, A, C and D), suggesting that AQP1 stabilizes -catenin. Proximity ligation assays

(PLA) confirmed AQPI1-B-catenin interaction in situ, with signal significantly enhanced under

hyperosmotic compared to control conditions (Fig. 5, E and F).

Lymphatic vessels experience estimated physiological hydrostatic pressures of 0.3-2.6 mmHg
(Sloas et al., 2016). To test whether the effects of AQP1 extend to other mechanical stresses, we
examined LEC responses at 2 mmHg hydrostatic pressure. AQP1-overexpressing cells showed similar
F-actin redistribution (Fig. S4, F-H), indicating that AQP1 promotes adaptive cytoskeletal remodeling
across multiple mechanical stress modalities. Thus, AQP1 counteracts the stabilizing effects of
hyperosmolarity on the actin cytoskeleton and cell-cell junctions, preserving JAIL-like junctional
structures and stress fibers, characteristic of dynamic endothelial remodeling. This cytoskeletal
adaptation aligns with the enhanced sprouting capacity of AQP1 LECs in vitro and in vivo, highlighting

AQP1 as a regulator of lymphangiogenic response under osmotic stress.

AQP1 alleviates osmotic stress-induced transcriptional programs

Osmotic stress triggers a rapid and coordinated transcriptional response in mammalian cells to elicit
osmolyte regulation, cytoskeletal adaptation, and stress resilience, enabling cells to withstand osmotic
challenges (Burg et al., 2007). To define the transcriptional landscape of LECs under osmotic stress and

identify AQP1-dependent rescue pathways, we performed RNA sequencing of control and AQP1%*
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LECs cultured under normosmotic (300 mOsm) and hyperosmotic (500 mOsm) conditions (Fig. 6A).
In control cells hyperosmotic stress induced extensive transcriptional reprogramming, with 1593
differentially expressed genes (Fig. 6B). Upregulated genes included osmotic stress response factors
(e.g., SGK1, NFATYS), pro-inflammatory chemokines (e.g., CCL2, CXCL10), and transcripts linked to
DNA damage response pathways. Downregulated genes included cell cycle regulators (e.g., CCNBI),
DNA replication machinery, and metabolic enzymes involved in nucleotide and lipid biosynthesis (Fig.
6B). This transcriptional profile reflects a shift from proliferation and biosynthesis toward stress
protection, with suppression of cytoskeletal and cell cycle genes that would impair migration and
remodeling capacity. We validated key differentially expressed genes by qPCR, including SGKI
(osmotic stress response), ZFP36L1 (mRNA stability under stress), and PKN1 (cytoskeletal regulation)

(Fig. S5A).
AQP1 overexpression rescued nearly half (46%, 724 genes) of the osmotic stress-induced

transcriptional changes, maintaining their expression near baseline levels even under hyperosmotic

conditions (Fig. 6, D and E; Table S3). These rescued genes included multiple pathways involved in

cytoskeletal organization, including actin-binding proteins, focal adhesion components, and regulators
of membrane protrusions (Fig. 6F). Together with the cytoskeletal and junctional remodeling data (Fig.
5), these findings establish that AQP1 enables LEC migration under osmotic stress through coordinated

structural and transcriptional mechanisms.

AQP1 is induced during inflammatory but not embryonic lymphangiogenesis

Having established that AQP1 enables LEC migration by alleviating osmotic stress-induced
cytoskeletal and transcriptional changes, we next asked whether AQP1 induction and function extend
to other postnatal contexts in which lymphatic remodeling occurs in inflammatory, osmotically
challenging microenvironments. Inflammation and impaired lymphatic drainage promote accumulation
of extracellular proteins and Na*, thereby elevating tissue osmolarity (Jantsch et al., 2015; Karlsen et
al., 2006), conditions that parallel the hyperosmotic challenge experienced by lacteals. We therefore
examined PIK3CA-driven lymphatic malformations, inflamed lymph nodes and secondary

lymphedema.

Activating mutations in PIK3CA underlie development of lymphatic vascular malformations in
humans (Alitalo, 2011; Luks et al., 2015; Castel et al., 2016; Petkova et al., 2024). Signaling through
the VEGF-C/VEGFR3 axis activates the PI3K-AKT pathway, promoting LEC survival, proliferation,
and migration (Mikinen et al., 2001). Abnormal dermal lymphatic vascular growth in Pik3ca™"*"®
mutant mice is sustained by accumulation of VEGF-C-producing macrophages, which selectively
expand Ptx3-high immune-interacting LECs by paracrine signaling (Martinez-Corral et al., 2020;

Petkova et al., 2023). Given that AgpI-high lacteals share transcriptional similarities with Ptx3-high
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dermal capillary LECs (Fig. 1H), we examined Agp! expression in dermal LECs from Pik3ca
mice. Re-analysis of sScRNA-seq data from the dermal LECs of Pik3ca™*®; Cdh5-CreERT2 mice
(Petkova et al., 2023) revealed that Ptx3" capillary LECs in mutants exhibited a higher proportion of
cells in the highest Agp! expression quartile compared to other capillary populations (Fig. 7A). At the
protein level, AQP1 was absent in lymphatic vessels of control ears but markedly increased in
hypersprouting VEGFR3" LECs of mutant Pik3ca™'**’%; Vegfr3-CreERT2 mice (Fig. 7B). Similarly,
medullary sinus LECs in normal and inflamed lymph node, which share the Ptx3" gene signature (Xiang

et al.,, 2020) (Fig. 1H), showed prominent AQP1 expression (Fig. 7C and Fig. S5B), whereas

subcapsular sinus LECs showed low or undetectable AQP1 under control and inflammatory conditions

(Fig. S5, B and C).

To determine whether AQP1 induction is a general feature of inflammatory lymphangiogenesis,
we examined a mouse model of secondary lymphedema (Buntinx et al., 2022). In this model, hindlimb
lymphatic injury is induced by combining local irradiation of the inguinal region with surgical ablation
of the inguinal lymph node, followed by ligation of surrounding lymphatic vessels. This procedure
results in impaired lymphatic drainage, vessel dilation, and remodeling, tissue fibrosis and inflammation
(Buntinx et al., 2022; Rockson et al., 2019). Lymphatic injury triggers an inflammatory response,
involving macrophages, T-helper and CD8" T cells, neutrophils, and pro-inflammatory cytokines and
lipids, such as TNFa, and LTBa4, which drive acute and chronic inflammation (Bowman and Rockson,
2024). Lymphedematous skin showed a significant increase in CSFIR" macrophages (Ghanta et al.,
2015) and CD4" T cells (Zampell et al., 2012) compared to controls (Fig. S5D). Similar to
lymphedematous skin, CSF1R" macrophages were abundant in the intestinal villi, where they were in
direct contact with AQP1" lacteals (Fig. S5E). In contrast, macrophages were sparse and remained

detached from AQP1™ submucosal lymphatic vessels.

Immunofluorescence analysis revealed markedly dilated VEGFR3" lymphatic vessels in
lymphedematous skin, with strong AQP1 expression, while lymphatic vessels in control samples (Fig.
7D) were thin, collapsed, and AQP1-negative. AQP1-high and AQP1-low areas were detected within
the same lymphatic vessel, suggesting local cues drive AQP1 expression (Fig. 7D and SSF).

Additionally, uniform AQP1 upregulation was observed in EMCN" blood vessels within lymphedema
tissues (Fig. S5G). To address the potential function of lymphatic AQP1 in lymphedema, we analyzed
the correlation between its expression and LEC proliferation. Immunostaining for AQP1, PROX1, and
proliferation marker Ki67 revealed an absence of proliferation in control skin samples and pronounced
overall increase in Ki67" LECs and stromal cells in lymphedema samples (Fig. 7E). Importantly, the
proportion of proliferating Ki67" cells was significantly higher in AQP1" LECs compared to AQP1’
population, suggesting that AQP1 may be important for lymphatic vessel remodeling under

inflammatory conditions.
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The consistent AQP1 induction across postnatal pathological contexts, all characterized by
inflammatory remodeling and elevated tissue osmolarity (Bowman and Rockson, 2024; Jantsch et al.,
2015), raised the question of whether AQP1 is also expressed during embryonic lymphangiogenesis,
which proceeds through VEGF-C/VEGFR3 signaling but lacks inflammatory and osmotic stresses
(Hallback et al., 1991; Tammela et al., 2008; Gordon et al., 2010). We examined dermal skin at E16.5,
and found that AQP1 was expressed in CD31* blood vessels and structures consistent with peripheral
nerves (Ma et al., 2011), but not in VEGFR3* sprouting lymphatic vessels (Fig. 8A). Similarly,
embryonic lymph nodes (E17.5-E18.5) showed no AQP1 expression in developing LYVE1"PROX1*
LECs despite active lymphangiogenesis (Fig. 8B). Collectively, our findings in lymphatic
malformations, secondary lymphedema and inflamed lymph nodes demonstrate that AQP1 expression
is induced during proinflammatory postnatal lymphatic remodeling but not during embryonic

lymphangiogenesis.

AQP1 facilitates postnatal compensatory lymphangiogenesis

The absence of AQP1 during embryonic lymphangiogenesis, despite active VEGF-C/VEGFR3
signaling, raised the question of whether AQP1 is merely associated with inflammatory contexts or

2lecko model,

functionally required for stress-adaptive remodeling. To address this, we used the Foxc
which recapitulates lymphedema-distichiasis, a hereditary late-onset lymphedema (Petrova et al., 2004;
Sabine et al., 2015). We have previously shown that loss of Foxc2 triggers degeneration of lymphatic
valves, causing lymph reflux and stasis within mesenteric collecting vessels, followed by accumulation
of protein- and solute-rich chyle in surrounding tissue (Gonzalez-Loyola et al., 2021; Sabine et al.,
2015), likely elevating local osmolarity. Consistent with this, postnatal Foxc2-deficient LECs showed
a significant increase in AQP1 expression (Gonzalez-Loyola et al., 2021) (Fig. 8C), mirroring our
findings in secondary lymphedema, inflamed lymph node, and lymphatic malformations. In contrast, in

E18.5 Foxc2"“* embryos, mesenteric lymphatic vessels showed no AQP1 expression despite active

remodeling (Fig. 8D).

We observed that lymphatic valve degeneration was frequently associated with both marked
AQP1 induction at valve sinuses and sprouting at the site of disappearing valves, indicating the
formation of a compensatory collateral lymphatic network (Sabine et al., 2015) (Fig. 8E). To determine
whether AQP1 plays a functional role in this process, we generated Agpl ;Foxc2"* double knockout
mice. Agpl deletion significantly reduced collateral sprout formation by ~40% compared to control

2lecko mice (Fig. 8, D-F). This demonstrates that AQP1 functionally contributes to postnatal

Foxc
pathological lymphatic remodeling, although the absence of direct tissue osmolarity measurements
represents a limitation that should be addressed in future work. Together, these findings establish a

model in which AQP1 is dispensable for developmental lymphangiogenesis but becomes essential when
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LECs must migrate and remodel within hyperosmotic or inflammatory microenvironments (Fig. 9).
Previous studies have shown that AQP1’s water transport function facilitates lamellipodia extension
and endothelial migration by enabling rapid volume changes at the leading edge (Kondrychyn et al.,
2025). Based on our data, we now propose that AQP1 maintains B-catenin-dependent junctional
dynamics and cytoskeletal architecture, enabling LECs to overcome the inhibitory effects of

hyperosmotic stress on migration.

Discussion

We identified the water channel AQP1 as a functionally significant marker of lacteal LECs, required
for lacteal maintenance and efficient dietary lipid absorption. Lacteal LECs display a transcriptional
signature resembling P#x3* immune-interacting LECs, with Agp1 as a core component of this program.
Extending beyond the intestine, we show that AQP1 is induced during inflammatory lymphatic
remodeling in lymphatic malformations, lymph nodes, and lymphedema but absent during embryonic

lymphangiogenesis, distinguishing stress-adaptive from developmental lymphatic responses.

In scRNAseq analysis of intestinal LECs we identified three subpopulations of murine intestinal
LECs, including lacteal, S/S (submucosal and serosal), and IFN subtypes, defined by characterizing
markers and AQP1 expression as a specialized lacteal adaptation. Comparison of intestinal LECs with
LECs from other organs shed new light on lacteal LECs, demonstrating their similarity to Ptx3*
inflammatory LECs, while S/S LECs bear transcriptional traits characteristic of pre-collector

lymphatics, allowing a clearer understanding of their distinct roles.

Lacteal LECs experience fluctuating osmotic conditions due to nutrient absorption, with tip
osmolarities reaching ~600 mOsm (Hallbdck et al., 1991). During fat absorption, chylomicron
accumulation and increased solute concentration in the lamina propria generate osmotic gradients that
acutely alter lacteal junction configuration to allow chylomicron and nutrient entry (Zarkada et al.,
2023). These conditions require rapid water movement; therefore, we propose that AQP1 is essential
for swift adaptation of LECs to osmotic changes (Thiagarajah and Verkman, 2002). Accordingly, Agp1
deletion in LECs caused lacteal shortening and decreased fat absorption, matching prior findings for
shorter lacteals (Bernier-Latmani et al., 2015; Nurmi et al., 2015; Hong et al., 2020). This suggests that
AQP1 promotes lacteal integrity, by facilitating LEC migration through volume regulation necessary
for protrusion formation (Saadoun et al., 2005; Papadopoulos et al., 2008; Karlsson et al., 2013).
Supporting this notion, overexpression of AQPI enhanced LEC migration in a spheroid sprouting assay
under hyperosmotic conditions in the presence of VEGF-C. Lacteal shortening and reduced fat
absorption in Agp1““£€ likely explain attenuated weight gain on HFD. While the fate of unabsorbed

lipids and broader metabolic adaptations remain to be characterized, the metabolic phenotype of
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Aqp 1™ € mice resembled that of mice with germline Agp! deletion, which also display reduced weight
gain on a high-fat diet and decreased serum triglycerides, with body weight normalizing on a low-fat

diet (Ma et al., 2001), indicating a primary contribution of lacteal AQP1.

The role of AQP1 in cell migration has been attributed to its facilitation of rapid water fluxes
at the leading edge of migrating cells, where local osmotic gradients drive membrane protrusion as
demonstrated in blood endothelial and cancer cells (Saadoun et al., 2005; Papadopoulos et al., 2008).
Our findings reveal a distinct aspect of this function. When the bulk extracellular environment is
hyperosmotic, cells reinforce cortical actin and stabilize junctions, a protective response that restricts
motility (Di Ciano et al., 2002). AQP1 counteracts this response, maintaining stress fibers and junctional
dynamics characteristic of migrating cells. The interaction with B-catenin, enhanced under osmotic
stress, may coordinate this response by linking water transport to junctional regulation. B-catenin serves
dual roles in adhesion and signaling (Nelson and Nusse, 2004), and its stabilization by AQP1 could
simultaneously preserve junctional plasticity and activate pro-migratory transcriptional programs.
Indeed, transcriptional profiling revealed that AQP1 rescues a substantial fraction of osmotic stress-
suppressed genes, particularly those governing cytoskeletal dynamics. This suggests that AQP1 does
not merely enable cells to tolerate osmotic stress passively, but actively maintains the molecular
machinery required for migration. This is evident in mosaic deletion experiments: Agp-deficient LECs
are excluded from tip positions, consistent with a model in which cells compete for position based on

their local fitness (Jakobsson et al., 2010).

We observed a dynamic pattern of AQP1 expression in lacteals, with intensity increasing after
birth, peaking at the lacteal tip around P5 and persisting into adulthood. This timing coincides with the
onset of milk intake (Knight et al., 1986) and a sharp increase in intestinal bacterial load (Hasegawa et
al., 2010), both likely contributing to osmolarity fluctuations. Concurrently, macrophages gather in the
lamina propria, providing a source of VEGF-C (Suh et al., 2019). For instance, F4/80" macrophages,
concentrated at the villus base in 2-day-old neonates, expand dramatically over the next 12 days to
reside predominantly near capillaries, with occasional presence in the submucosa (Cecchini et al.,
1994). Increased macrophage density parallels lacteal growth, underscoring how immune-derived
VEGEF-C fosters functional lacteals. Alongside smooth muscle cells and fibroblasts, these macrophages
constitute major VEGF-C sources in the gut (Nurmi et al., 2015; Hong et al., 2020; Suh et al., 2019).
Gut microbiota also shape the distribution and morphology of intestinal CX3CR1* macrophages, with
antibiotic treatment reducing their presence in the lamina propria but not in the submucosa (Honda et
al., 2020). Consistent with the essential role of VEGF-C/VEGFR3 signaling in lacteal development and
maintenance (Bernier-Latmani et al., 2015; Nurmi et al., 2015; Tammela et al., 2008) both antibiotic
treatment and VEGFR3 blockade diminished AQP1 expression. Reduced AQP1 levels under antibiotic
treatment likely reflect lower VEGF-C in the lamina propria, aligning with evidence that gut microbiota

modulates VEGF-C levels via macrophage-dependent mechanisms (Suh et al., 2019). Nevertheless,
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absence of AQP1 expression during VEGFR3-VEGF-C-dependent embryonic lymphangiogenesis
suggests that additional immune-derived signals or osmotic factors are necessary for robust AQP1

induction.

To further contextualize our findings, lacteal LECs showed highest similarity with the Ptx3*
LEC subset, with elevated expression of Ptx3, ltih5, and Mrcl (Table S1), genes associated with
immune cell interactions. Specifically, MRC1 binds CD44" lymphocytes (Salmi et al., 2013), PTX3
increases responses to inflammatory signals (Garlanda et al., 2005), and ITIHS interacts with PTX3
(Scarchilli et al., 2007). This immune-interactive profile aligns with the known biology of lacteals,
which are surrounded by macrophages in the lamina propria (Fig. S5D) (Cecchini et al., 1994) and
continuously exposed to damage- and pathogen-associated molecular patterns derived from food and
microbiota (Bernier-Latmani et al., 2024). Similarly, PTX3* dermal LECs expand under inflammatory
lymphangiogenesis and interact with macrophages (Petkova et al., 2023). In lymph nodes, Ptx3* LECs
populate the medullary sinus, a region rich in F4/80" macrophages (Louie and Liao, 2019) and dense
with lymphocyte-macrophage clusters following immunization (Friess, 1977). These similarities
suggest that local immune cues and tissue-specific signals may shape specialized LEC states adapted to

distinct tissue environments.

The similarity to immune-interacting LECs, together with our previous finding that AQPI is
strongly induced in mesenteric LECs in hereditary lymphedema-distichiasis (Gonzalez-Loyola et al.,
2021), led us to explore the role of AQP1 in inflammatory conditions more broadly. Here, we show that
AQP1 is markedly induced in LECs in secondary lymphedema, lymphatic malformations driven by

HI1047R

hyperactive PI3K signaling (Pik3ca ) and immunized lymph nodes. During inflammatory
lymphangiogenesis, macrophages secrete lymphangiogenic factors such as VEGF-C (Cursiefen et al.,
2004; Kataru et al., 2009), potentially promoting both lymphatic vessel proliferation and AQPI
upregulation. Elevated AQP1 levels correlate with increased proliferative activity in these inflamed
vessels, suggesting that AQP1 may drive, or at least mark, remodeling processes in lymphedema and
lymphatic malformations. In contrast, embryonic dermal lymphangiogenic vessels exhibit robust
sprouting and proliferation without AQP1 induction, indicating that while embryonic LECs rely on
VEGF-C/VEGFR3 signaling, they lack the inflammatory, metabolic or osmotic cues needed for AQP1
upregulation. Even embryonic Foxc2"** lymphatic vessels, despite active pathological remodeling,
showed no AQP1 expression, whereas adult Foxc2“* mice displayed marked AQP1 induction at the
same anatomical sites. This developmental difference likely reflects the distinct cellular environments:
embryonic lymphangiogenesis proceeds independently of macrophages (Gordon et al., 2010), whereas
postnatal inflammatory remodeling is macrophage-driven, providing both VEGF-C and inflammatory
cues that induce AQP1. Consistent with this, AQP1 protein was not detected in normal dermal LECs,
despite the presence of Agp1 transcripts, possibly due to additional posttranscriptional mechanisms that

regulate AQP1 protein stability. Indeed, osmolarity rises in lymphedema (Karlsen et al., 2006), and
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concurrent AQP1 induction may accommodate rapid water flux and enhanced cell migration. The
functional requirement for AQP1 in the Foxc2“* lymphedema model, where its deletion reduces
compensatory collateral, indicates that AQP1 is not merely induced as a stress marker but actively
contributes to the remodeling response. That substantial collateral formation still occurred suggests
redundant mechanisms exist, yet AQP1 clearly provides an adaptive advantage under pathological
stress. Direct measurement of tissue osmolarity in the pathological contexts examined remains a study
limitation; the documented inflammation and impaired lymphatic drainage in these models nonetheless

point to osmotically challenging microenvironments.

Collectively, our findings establish AQP1 as a marker of actively remodeling postnatal LECs
within inflammatory microenvironments (Fig. 9). The common thread linking lacteals, lymphatic
malformations, and lymphedema is the convergence of osmotic stress and inflammatory signaling,
conditions absent from embryonic lymphangiogenesis even under pathological conditions.
Inflammation and lymphatic dysfunction promote accumulation of extracellular proteins and Na®,
thereby elevating tissue osmolarity (Jantsch et al., 2015; Karlsen et al., 2006). Although acute increases
in osmolarity support immune cell activation and help combat infections, we propose that in
lymphedema, chronic inflammation combined with impaired lymphatic drainage elevates osmolarity to
levels that prevent regenerative lymphangiogenesis, even in the presence of abundant VEGF-C. Under
these conditions AQP1 enables LECs to overcome this osmotic barrier. These insights suggest
therapeutic opportunities: enhancing AQP1 function or reducing pathological tissue osmolarity may
improve lymphatic regeneration in lymphedema, while in hyperproliferative conditions such as

lymphatic malformations, AQP1 inhibition could be evaluated as an additional treatment option.
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Materials and methods

Animal studies

All animal care and experimental procedures were performed in accordance with relevant national and
institutional guidelines, following approval by the Animal Ethics Committee of Vaud (Switzerland),
the Uppsala Animal Experiment Ethics Board (Sweden), or the local Animal Ethical Committee at the
University of Liége (Belgium). Mice were on C57BL/6J background and were maintained under
specific pathogen-free conditions with a 12-hour light/dark cycle and ad libitum access to food and
water. Unless otherwise specified, experiments were conducted using age- and sex-matched cohorts of

adult mice aged 8-12 weeks. Littermate controls were used for all experiments.

Generation of inducible Aqpl knockout mice. To generate tamoxifen-inducible, LEC-specific Agp1
knockout mice (Agpl*£€), Agp™" mice (Zhang et al., 2016) were crossed with ProxI-CreERT2
(Bazigou et al., 2011) mice. To induce Agp! deletion, tamoxifen (T5648, Sigma-Aldrich) was dissolved
by sequentially adding 100% ethanol, Kolliphor EL (Sigma-Aldrich, Cat# C5135), and phosphate
buffer saline (PBS) in a 1:1:8 ratio, with thorough mixing after each addition, to prepare a stock solution
at a concentration of 10 mg/ml. Control Agp ™" and Agp1**“ mice received intraperitoneal injections
of 50 pg/g body weight tamoxifen. Injections were administered to adult mice (as specified per
experiment) three times every other day during the first week, followed by one injection per week until

sacrifice.

For mosaic deletion experiments, Rosa26-EYFP reporter mice (Srinivas et al., 2001) were
crossed with Agp™"; ProxI-CreERT2 mice to generate Rosal6-EYFP; Agpl“* mice. To achieve
sparse Cre recombination and simultaneous YFP expression in individual LECs, a single low-dose
tamoxifen injection (7.5 png/g body weight) was administered intraperitoneally at 8 weeks of age. Mice

were sacrificed three weeks post-injection.

Foxc2-deficient lymphatic models. Foxc2"" mice were crossed with Prox1-CreERT2 mice to generate
Foxc2"* (Foxc2™;Prox1-CreERT2) mice (Gonzilez-Loyola et al., 2021). To generate
Agp"": Foxc 2", Prox1-CreERT2 Agpl™" mice were crossed with Foxc2“** mice. For analysis of
AQP1 expression in embryonic Foxc2-deficient lymphatics, pregnant Foxc2™" dams crossed with
Foxc2"** male mice were injected subcutaneously with 100 pL of tamoxifen/progesterone solution (50
mg/mL in Kolliphor EL) at E13.5 and E14.5. Embryos were harvested at E18.5. For collateral sprouting
analysis in neonatal Agpl,;Foxc2 double knockout mice, a single dose of tamoxifen (62.5 pL from 2
mg/mL stock, 125 pg total) was administered intraperitoneally at P4, and mice were analyzed at PS.
For AQP1 induction in adult Foxc2"** mice, tamoxifen was administered intraperitoneally at 50 pg/g
body weight three times every other day starting at 5 weeks of age, as described above. Mice were

analyzed at 22 weeks of age.
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R26-Pik3ca™"™®; Vegfr3-CreERT2 mice were generated by crossing of R26-Pik3ca™'"*’® (Eser et al.,
2013) with Vegfr3-CreERT2 mice (Martinez-Corral et al., 2016). Dermal lymphatic malformations
were induced as previously described (Martinez-Corral et al., 2020). Briefly, 50pg of 4-hydroxy-
tamoxifen dissolved in acetone was applied topically to the ear of 3-week-old mice. Mice were
sacrificed 3 weeks later, and the dorsal ear skin was dissected from underlying cartilage and fixed in
4% (paraformaldehyde) PFA in PBS for 2 hours at room temperature. Tissue was subsequently washed

twice with PBS before proceeding to immunostaining.

Secondary lymphedema model. The hindlimb lymphedema model combined local irradiation and
surgical intervention as previously described (Buntinx et al., 2022). Lymphedema was induced in the
left limb, with the right limb serving as an internal control. For irradiation, mice were anesthetized with
2% isoflurane and positioned ventrally inside a precision X-ray irradiator. To accurately target the
inguinal region, X-ray radiography (40 kV, 0.5 mA) was performed. A 20 mm-square collimator was
placed over the targeted area to deliver a single 30 Gy dose (225.0 kV, 13.00 mA) in an anteroposterior
direction. The left limb was irradiated for 317 seconds on the ventral side and an additional 317 seconds
on the dorsal side. One week later, surgery was performed under 2% isoflurane anesthesia on a 37°C
heating pad within a horizontal airflow hood. The left hindlimb was shaved, disinfected with dermal
isobetadine, and injected with 5 pL of 2% Evans Blue dye between the footpads to visualize lymphatic
structures. Lymphatic injury was induced through a three-steps surgery: i) a circumferential skin
incision at the inguinal level, ii) excision of the inguinal and popliteal lymph nodes, and iii) ligation of
collecting lymphatic vessels parallel to the ischial vein with three separate 7/0 non-absorbable
polypropylene sutures under a 10x binocular magnifier. Finally, the skin was sutured with 5/0 non-

absorbable silk stitches.

Antibiotic treatment. Wild-type (Agpl™") and Aqpl™**C mice were co-housed from weaning to
minimize microbiota differences. Three weeks after tamoxifen administration, adult mice were treated
with a broad-spectrum antibiotic cocktail in their drinking water for four weeks. The treatment consisted
of enrofloxacin (2.5 mg/ml; Baytril 10%, Bayer) for the first two weeks, followed by amoxicillin (0.8
mg/ml) and clavulanic acid (0.114 mg/ml; Co-Amoxi-Mepha, Mepha) for the subsequent two weeks

(Gonzalez-Loyola et al., 2021). Control mice received regular drinking water.

High-fat diet (HFD) feeding. After inducing Agp! deletion with tamoxifen over a two-week period -
three doses administered every other day during the first week and one dose during the second week -
the mice were fed either a HFD (D12492i, Research Diets: 60 kcal% fat, 20 kcal% protein, 20 kcal%
carbohydrate) or a matched normal chow diet (NCD; D12450Bi, Research Diets: 10 kcal% fat, 20 kcal%
protein, 70 kcal% carbohydrate) for three weeks. Mice were randomly assigned to either the HFD or

NCD group, and diets were provided ad libitum. Body weights were recorded weekly.
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VEGFR3 signaling blockade. Neonatal mice were administered subcutaneous injections of the
VEGFR3-blocking antibody mF4-31C1 (Pytowski et al., 2005) (Table S4) or isotype-matched IgG2a
antibody at P4, P6, and P8 at dose of 40 pg/g body weight using 30G needle. Tissues were harvested

on P10 for analysis.

Lipid absorption assay. Mice were fasted for 6 hours and then orally gavaged with olive oil (01514,
Sigma-Aldrich) at a dose of 10 pul/g body weight using a 20G, 60 mm gavage needle. Blood samples
were collected from the tail vein at baseline (0 hours) and at 1, 2 and 3 hours post-gavage into lithium
heparin-coated tubes (Microvette CB 300 Hep-Lithium, Sarstedt). Samples were kept on ice for 30
minutes and centrifuged at 14,000 x g for 15 minutes at 4 °C to obtain plasma, which was stored at -
80 °C until analysis. Plasma triglyceride levels were measured on diluted samples (1:1 plasma to diluent
ratio) using the Dimension® Xpand Plus system (Siemens Healthcare Diagnostics AG, Diidingen,
Switzerland) according to the manufacturer’s protocol for triglyceride measurement (Siemens

Healthcare, DF69A).

For experiments with the lipoprotein lipase inhibitor, mice received intraperitoneal injection of
Tyloxapol (Lucerna-Chem, HY-B1068-1G, at 500mg/kg body weight) 30 minutes before oral gavage,

followed by the olive oil gavage protocol and blood sampling as described above.

Lymph node analyses. Embryonic (E17.5-E18.5) and young adult male (9 weeks) inguinal lymph nodes
were used for control stainings. For immunization, 16-17-weeks old females were injected with
oligodeoxynucleotides CpG (Microsynth) and keyhole limpet hemocyanin (NP-KLH) (10 pg each in
10 pl) into the footpads. On day 7 mice were sacrificed, and inguinal lymph nodes were harvested and

processed for cryosections.

Isolation and FACS sorting of mouse intestinal LECs

Tissue processing. Small intestinal segments (excluding the duodenum) were collected using curved
scissors and washed by gently vortexing in 50 ml Falcon tubes containing cold PBS, followed by a
second wash in cold PBS. To remove epithelial cells, the tissues were incubated at 37 °C and 150 rpm
in Hank’s Balanced Salt Solution (HBSS) containing 5 mM EDTA, 1 mM DTT, and 20 uM HEPES for
15-20 minutes, briefly vortexed, rinsed in HBSS until the supernatant was clear, and then enzymatically
digested in HBSS containing Liberase TL at a final concentration of 0.9 U/ml and DNase I at 0.1 mg/ml
for 60 minutes at 37 °C, 180 rpm. Every 20 minutes, tissues were pipetted up and down to promote
dissociation; the resulting supernatant was passed through a 70 pum strainer into 10 ml cold HBSS with
10% FBS. The remaining tissue fragments were returned to fresh digestion medium. After three rounds

of digestion, cell suspensions were centrifuged at 1200 rpm for 5 minutes at 4 °C.
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For scRNAseq experiments, we obtained intestinal tissues from three female and two male
C57Bl/6 mice (9-10 weeks old), whereas for gPCR analyses we utilized samples from three Agp /" and

three Agp 1€ mice.

Cell staining and FACS sorting. Cells were resuspended in PBS containing 5% FBS and incubated
with anti-CD16/32 (2.4G2) hybridoma supernatant to block non-specific IgG binding. Cells were
stained with conjugated antibodies: for scRNA-seq, CD45-FITC, CD31-BV421, and PDPN-PE; for
qPCR, EpCAM-BV421, CD45-PE-Cy7, CD31-PE, and PDPN-APC. Before sorting, 0.1 pg/ml DAPI
and RedDotl were added for 5 minutes at room temperature to exclude dead cells and debris. LECs
were gated as DAPI™ redDot" CD45~ CD31* PDPN™ cells. For qPCR samples, an additional exclusion
of EpCAM" cells (EpCAM") was applied. Cells were sorted into HBSS containing 30% FBS at 4 °C on
a Beckman Coulter MoFlo Astrios EQ cell sorter equipped with a 70 pm nozzle, operating at 60 psi.
The sort precision was set to “enrich” to maximize yield. On average, 23,000 LECs were sorted per

sample, and sorting experiments were performed in three independent replicates.

Lymphatic endothelial cell (LEC) culture systems and experimental

manipulations

Isolation and culture of LECs. Human intestinal LECs were isolated from discarded surgical
specimens with informed consent and institutional approval, as described in (Norrmén et al., 2010).
Intestinal segments were washed in PBS, incubated in RPMI + 10% FCS overnight at 4°C to facilitate
epithelial cell removal, and the epithelium was scraped off using a cell scraper. The mucosal layer was
carefully dissected, cut into small pieces, and subjected to enzymatic digestion with collagenase A (1
mg/ml) and dispase II (2 mg/ml) supplemented with DNase I (20 pg/ml) in RPMI at 37°C for two
sequential 30-minute incubations with magnetic stirring. The cell suspension was filtered through a 200
um metal sieve, and cells were seeded on fibronectin-coated flasks (5 pg/cm?; 10838039001, Roche,
Basel, Switzerland) at 1 x 10° cells/cm2. Contaminating fibroblasts were depleted by negative selection
using magnetic-activated cell sorting (MACS) with anti-human CD44 antibody (Clone F10-44-2, 9400-
01, Southern Biotech, Birmingham, AL, USA) coupled to sheep anti-mouse [gG-coated paramagnetic
beads (SAM beads, 110.02, Dynal/Thermo Fisher Scientific). LECs were subsequently enriched by
positive selection using anti-CD31-coated magnetic beads (Dynabeads CD31 Endothelial Cell,
111.55D, Dynal/Thermo Fisher Scientific) and re-plated on fibronectin-coated flasks in EBM™-2
Endothelial Cell Growth Basal Medium-2 (EBM-2) medium (Lonza, CC-3156) supplemented with
growth factors (EGM-2 Endothelial SingleQuots Kit, Lonza, CC-4176) and 1% fetal bovine serum
(FBS) at 37°C in a humidified atmosphere with 5% COs.
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Human dermal LECs (Innoprot, P10862, Lot#2841959) were cultured in VascuLife VEGF-MV
Microvascular Endothelial Cell Growth Medium (Cell Systems, LL-0005) at 37°C in a humidified
atmosphere with 5% CO..

Intestinal LECs were used for AQP1 overexpression and CTNNBI1 knockdown, spheroid sprouting
assays and proximity ligation assays. Dermal LECs were used for AQP1 overexpression, VPT assays,
bulk RNA barcoding and sequencing (BRB-seq), B-catenin immunofluorescence staining, and F-actin

distribution analysis.

Generation of AQP1-overexpressing LECs. Cells were transduced with lentiviral particles containing
human AQPI cDNA under the EFla promoter (pLV[Exp]-Puro-
EF1A>FLAG/hAQPI[NM 198098.4], VectorBuilder). Control cells were transduced with lentiviral
particles encoding enhanced blue fluorescent protein (EBFP). Briefly, LECs were seeded in 6-well
plates (0.2 x 10° cells/well), and when they reached 70% confluency, they were first starved for FBS
and growth factors for 2 hours, then incubated overnight with lentivirus at a multiplicity of infection 15
(MOI). The virus-containing medium was replaced with complete medium the following day. Stable
cell lines were selected using puromycin (350 ng/ml; Sigma-Aldrich, P7255) for 3-5 days. Transduction

efficiency of AQP1 was confirmed by fluorescence microscopy and western blot.

CTNNBI knockdown by siRNA transfection. Intestinal LECs were seeded on fibronectin-coated
coverslips, allowed to attach overnight, and transfected with 30 nM CTNNB1-targeting siRNA (Stealth
RNAi CTNNBI1, VHS50822, Thermo Fisher Scientific, Waltham, MA, USA) or scrambled control
siRNA using Lipofectamine RNAimax (Thermo Fisher Scientific) in Opti-MEM (Thermo Fisher
Scientific) according to the manufacturer's instructions. The transfection mix was prepared by
combining siRNA and Lipofectamine RNAimax in Opti-MEM, incubating for 20 minutes at room
temperature, then adding to cells in EBM-2 medium without antibiotics. Six hours post-transfection,
the medium was replaced with complete EBM-2 medium. Knockdown efficiency was validated by

Western blot analysis 48 hours post-transfection.

Osmotic stress treatments. Normosmotic medium was standard EBM-2 complete medium (~300
mOsm/kg). Hyperosmotic medium was prepared by adding D-sorbitol (200 mM; Sigma-Aldrich,
S1876) to EBM-2 complete medium, increasing the osmolality by 200 mOsm/kg to achieve final
osmolality of ~500 mOsm/kg, approximating the osmotic conditions at the villus tip during nutrient
absorption (Hallbick et al., 1991). Hypoosmotic medium was prepared by 30% dilution of complete
EBM-2 with sterile distilled water.

Hydprostatic pressure experiments. Dermal LEC responses to mechanical stress, were assessed by
subjecting cells to hydrostatic pressure using a custom-built pressure bioreactor system (Al-Nuaimi et
al., 2024). The setup consisted of columns of cell culture medium connected to the culture chamber to

generate static pressure of 2 mmHg, a value consistent with physiological pressure in lymphatic vessels
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due to gravity (Sloas et al., 2016). LEC monolayers were subjected to pressure stimulation for 24 hours
at 37°C with 5% CO2, with 0 mmHg (atmospheric pressure) serving as control. Following pressure
treatment, cells were either extracted for RNA to assess 40P levels or fixed and processed for

immunofluorescence staining as described in the immunofluorescence microscopy section.

Western blot analysis. Cells (EBFP°F control and AQP1°F) were lysed in RIPA buffer with protease
inhibitors, and protein concentration was determined by BCA assay. Equal amounts of protein (10 pg)
were separated by SDS-PAGE (4-15% Mini-PROTEAN® TGX™ Precast Protein Gels, 15-well, 15
ul, BioRad, 4561086) and transferred to PVDF membranes using Fast Blotter (Thermo Scientific Pierce
G2). Membranes were blocked with 5% BSA in TBST for 1 hour at RT, then incubated with primary
antibodies against B-catenin (BD Biosciences, 610154; 1:1,000) or histone H3 (Cell Signaling
Technologies, 9715) overnight at 4°C. After washing, membranes were incubated with HRP-conjugated
goat anti-rabbit IgG (Dako, P0448; 1:10,000) forl hour at RT. Protein bands were visualized using
Super signal West Femto Max sensitivity substrate (Thermo Fischer, 34096). Band intensities were

quantified using ImagelJ/Fiji. B-catenin levels were normalized to histone H3 loading control.

Lymphangiogenic sprouting assays
Spheroid sprouting assay

Spheroid formation. The spheroid sprouting protocol was adapted from (Korff and Augustin, 1999).
LECs were suspended at 800 cells per spheroid in a mixture of 72% EBM-2 complete medium, 8%
FBS, and 20% methylcellulose stock solution (2% methylcellulose (Sigma-Aldrich, M7027) in Medium
199 with GlutaMAX™). Aliquots of 100 ul were dispensed into each well of non—tissue culture-treated
96-well round-bottom plates and incubated overnight at 37 °C with 5% COz to form spheroids.

Fibrin gel embedding and culture. After 20 hours, 5-7 spheroids were collected and mixed in a fibrin
gel composed of 2.5 mg/ml fibrinogen (Sigma, F8630) in EBM-2 complete medium, supplemented with
aprotinin (final concentration 0.1 U/ml; Sigma, A1153) and either bovine serum albumin (BSA) or
VEGF-C at 100 ng/ml. Gelation was initiated by adding 30 pl thrombin (final concentration 0.625 U/ml;
Sigma, T9549) to the spheroid-fibrinogen mixture (570 pl) in pre-warmed 24-well plates. The mixture
was gently mixed and incubated for 10-15 minutes at room temperature and 37 °C for 45 minutes. After
gel formation, 600 ul of EBM-2 medium with 30,000 human intestinal fibroblasts was added per well,
and plates were incubated for 48 hours at 37°C with 5% CO.. To minimize variability, spheroids for all
conditions within each replicate were embedded in the same 24-well plate using the same batch of fibrin
gel. Normosmotic, hyperosmotic, and hypoosmotic conditions were established by adjusting the
osmolality of the added culture medium (600 pl) as described in the osmotic stress treatments section

above.
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Staining, imaging and analysis. After 48 hours, spheroids were fixed with 4% PFA for 15 minutes,
permeabilized with 0.3% Triton X-100 in PBS for 10 minutes, and stained with Alexa Fluor 488-
phalloidin (1:400; Invitrogen) and Hoechst dye (1 pg/ml; Sigma-Aldrich) to visualize F-actin and
nuclei. Spheroids were imaged with a Nikon Ti2 confocal laser scanning microscope equipped with a

20x objective.

Images were analyzed in ImageJ by measuring the distance from the spheroid core edge to the
sprout tip. For each replicate, the mean sprout length was calculated from 3-6 spheroids, and this mean
value was used as a single measurement per replicate (n=4 replicates). The mean sprout length was
normalized to the control condition (EBFP°F, normosmotic, BSA-treated). For detailed morphological
analysis, sprouting responses were categorized into nucleated sprouts (containing >1 nucleus, indicating
cellular migration) and anucleated protrusions (membrane extensions without nuclear content). Nuclei
were identified by Hoechst staining, and each protrusion was classified based on the presence or absence
of nuclear material along its length. Cell density within established sprouts was assessed by quantifying
the number of nuclei per 100 um sprout length. For this analysis, only nucleated sprouts were measured.
The number of Hoechst-positive nuclei within each sprout was counted, and the sprout length measured
from core to tip. Cell density was calculated as: (number of nuclei / sprout length in um) x 100. Total
sprout length per spheroid was calculated by summing the lengths of all nucleated sprouts originating

from a single spheroid core.

VPT sprouting assay

To validate sprouting responses in the presence of interstitial flow, we used Vascular Phenotypic and
Proteomic (VPT) devices as described (Jung et al., 2024). Microscale fluid patterning within the
microfluidic devices was initiated immediately following air plasma treatment, proceeding sequentially
through the center channel (channel C), side channel (channel S), and open channel (channel O). All
solutions were introduced via spontaneous capillary flow. To generate stable fibrin hydrogels for the
3D sprouting assay, human fibrinogen (10 mg/mL, Sigma-Aldrich, F4883) was supplemented with
aprotinin (0.1 U/mL, Sigma-Aldrich, A1153) at a 25:4 (v/v) ratio to prevent proteolytic degradation
during culture. For channel C, 2.0 pL of an acellular fibrinogen and thrombin (Sigma-Aldrich, 605195)
mixture was introduced, yielding a final fibrinogen concentration of 5 mg/mL. The hydrogel was
allowed to polymerize for 13 min prior to patterning channel S. Channel S was subsequently patterned
along the inner edge with 7.5 uL of a cellular fibrinogen-thrombin mixture containing human fibroblasts
(6x10° cells/mL) at a final fibrinogen concentration of 2.5 mg/mL. For channel O, 30 pL of a cell
suspension (control EBFPY* or AQP1°* human dermal LECs, 30,000 cells per device) was injected
through the inlet to promote cell attachment at the hydrogel interface. Culture medium was then added

with final volumes of up to 200 pL and 140 pL per reservoir on the channel S and channel O sides,
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respectively. Hydrostatic pressure—driven flow was established by maintaining a media height
difference between opposing reservoirs. Devices were cultured for 48 hours under either normosmotic
(300 mOsm) or hyperosmotic (500 mOsm) conditions. Following culture, samples were fixed in 4%
paraformaldehyde for 30 min and stained with phalloidin and Hoechst. Confocal microscopy was used
for image acquisition, and sprout number, sprout length, and nuclei per sprout were quantified from

three independent experiments (n = 3).

Proximity ligation assay (PLA)

PLA was performed according to the manufacturer's protocol (Duolink Proximity Ligation Assay,
Sigma-Aldrich, DUO92008). Intestinal LECs were seeded on glass coverslips in 24-well plates and
cultured in normosmotic (300 mOsm) or hyperosmotic (500 mOsm) medium for 48 hours. Cells were
fixed with 4% paraformaldehyde (PFA) in PBS containing 0.1% CaCl. and 0.05% MgCl. for 15 minutes
at room temperature, permeabilized with 0.1% Triton X-100 in PBS for 10 minutes, and blocked with
0.5% BSA and 0.1% Triton X-100 in PBS for 1 hour at room temperature.

Cells were incubated overnight at 4°C with primary antibodies against AQP1 (Sigma-Aldrich,
AB3272) and B-catenin (BD Biosciences, 610154). After washing with PBS, PLA probes anti-rabbit
Minus (Sigma-Aldrich, DUO92005) and anti-mouse Plus (Sigma-Aldrich, DU092003) were applied
according to the manufacturer's protocol. Ligation and amplification reactions were performed
following the kit instructions. Negative controls included: (1) single primary antibody only (AQP1
alone or B-catenin alone) with both PLA probes, (2) no primary antibodies with PLA probes, and (3)
unstimulated cells (no osmotic stress) to establish baseline interaction levels. Nuclei were
counterstained with DAPI (0.2 pg/ml) for 5 minutes. Coverslips were washed and mounted using
(Sigma-Aldrich, DUO82040). PLA signals appear as discrete red fluorescent puncta when the two

proteins are within <40 nm proximity.

Quantification: PLA signals were imaged using confocal microscopy. Images were processed in
Imagel/Fiji. For automated counting of PLA puncta, a threshold was applied to the PLA channel, and
puncta were counted using the "Analyze Particles" function with size constraints to exclude background
noise and cell debris. The number of PLA puncta per cell was quantified and averaged across all cells

for each condition.

Gene expression analysis by RT-qPCR

Total RNA was isolated using the RNeasy Micro Kit (Qiagen, 74034). The concentration and quality
of the isolated RNA were assessed using an Agilent 2100 Bioanalyzer. For samples with low RNA
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input from FACS sorted LECs, mRNA was amplified using the Ovation Pico WTA System V2
(NuGEN) prior to cDNA synthesis. Reverse transcription was performed using the Transcriptor First

Strand cDNA Synthesis Kit (Roche Diagnostics, 04379012001).

Quantitative real-time PCR (RT-qPCR) analyses were conducted using the StepOnePlus Real-
Time PCR System (Applied Biosystems) with SYBR Green PCR Master Mix (Thermo Fisher
Scientific). Primers were used at a final concentration of 100 nM. For validation of Aqpl deletion in
intestinal LECs, primers flanking exons 2 and 3 of the Agp! gene (Zhang et al., 2016) (Table S4) were
employed to confirm the deletion of this region in tamoxifen-induced Agp1“*““ samples. For validation
of bulk RNA-sequencing results, gene-specific primers targeting SGK1, ZFP36L1, and PKN1 were
used (Table S4). The housekeeping genes 18S or RPL27 were used as an internal control, and results

were presented as relative expression levels normalized to control samples using the 22 method.

Bulk RNA barcoding and sequencing (BRB-seq) analysis

Experimental design and sample preparation. Human dermal LECs were transduced with lentiviral
vectors expressing either enhanced blue fluorescent protein (EBFP, control) or human AQP1 (AQP1°F).
Cells were cultured under normosmotic (300 mOsm) or hyperosmotic (500 mOsm) conditions for 8
hours prior to harvest, washed twice with PBS and harvested for RNA isolation. Two biological

replicates were prepared per condition.

RNA isolation and quality control. Total RNA was isolated using the RNeasy Mini Kit (QIAGEN,
Hilden, Germany, 74104) following the manufacturer's instructions. RNA quantity and quality were
assessed using a NanoDrop spectrophotometer, and RNA concentration was normalized to 100 ng/ul

prior to library preparation.

Library preparation and sequencing. Alithea Genomics SA (Lausanne, Switzerland) prepared
libraries and sequenced samples using highly multiplexed 3’-end bulk RNA barcoding and sequencing
(MERCURIUS™ BRB-seq service) (Alpern et al., 2019). BRB-seq libraries were generated using the
MERCURIUS™ BRB-seq library preparation kit for [llumina (v5D barcode set for 96 samples, 10813,
Alithea Genomics) following the manufacturer's protocol and sequenced on an AVITI sequencing

platform in paired-end mode (Element Biosciences, San Diego, CA, USA).

Read alignment, demultiplexing, and quantification. Raw sequencing reads were processed using
STARsolo v2.7.9a for sample demultiplexing, alignment to the human reference genome (GRCh38,
Ensembl release 104), and gene expression quantification. Alignment was performed using the
parameters “--soloUMIdedup NoDedup”, “IMM_Directional” and “-- quantMode GeneCounts” to
generate count matrices of both raw reads and of reads deduplicated using Unique Molecular Identifiers

(UMI).
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Differential gene expression analysis. Raw UMI count matrices were imported into R version 4.3.0
for statistical analysis. Differential gene expression analysis was performed using DESeq2 v1.40.2
(Love et al., 2014). Genes with adjusted p-value < 0.05 and |log2 fold change| > 0.6 were considered

differentially expressed.

Definition of rescued genes. Genes dysregulated by hyperosmotic stress (500 mOsm vs 300 mOsm in
EBFP control cells) that showed restored expression upon AQPI overexpression under hyperosmotic
conditions were defined as "rescued genes." Specifically, genes were classified as rescued if: (1) they
were significantly altered (|log2 fold change| > 0.6 and adjusted p < 0.05) by hyperosmotic treatment in
control cells, and (2) their expression in AQPIF cells under hyperosmotic conditions was not
significantly different (adjusted p > 0.05) and/or [log2 fold change| < 0.6 from control cells under
normosmotic conditions. Genes showing partial rescue (25-99% normalization in absolute fold-change

toward baseline) were categorized separately.

Single-cell transcriptomic analysis

scRNA-seq library preparation, sequencing and pre-processing. Sorted LECs (~10,000 cells per
sample) were loaded into the Chromium Controller (10x Genomics) using the Single Cell 3' Library &
Gel Bead Kit v3. Libraries were prepared following the manufacturer’s protocol. Paired-end sequencing
was performed on [llumina HiSeq 2500 (150 cycles) and Illumina NovaSeq 6000 (100 cycles) devices
at the Lausanne Genomics Technology Facility to achieve a depth of at least 50,000 reads per cell. Raw
sequencing reads were aligned to the mml10 mouse reference genome (v. mml0-3.1-0 of the
transcriptome reference provided by 10x Genomics), number of reads were summarized per gene, and

cells were called using Cell Ranger software (v3.1.0, 10x Genomics).

Data acquisition and integration. Our scRNA-seq data (samples 1-5) was integrated with three
publicly available datasets (samples 6-8, Table S1). Raw count matrices of all datasets were imported
into R v4.1.2 for further analysis. Each dataset was In-normalized with a scale factor of 10,000, followed
by variable gene detection using the Seurat package v4.3.0 (Hao et al., 2021). LECs were identified
based on the expression of canonical markers (FltI", Pecaml”, ProxI", and Fit4"). To ensure data
quality, cells with mitochondrial gene expression exceeding 5% and dissociation-related genes (van den
Brink et al., 2017) exceeding 6% were filtered out. Integration of retained cells was performed using
the anchor correspondence method implemented in the Seurat package v4.3.0, using 30 dimensions and

60 nearest neighbours as input parameters (Hao et al., 2021; Stuart et al., 2019).

Unsupervised clustering and visualization. Dimensionality reduction was performed using principal
component analysis (PCA) on the top 2000 variable genes, followed by Uniform Manifold

Approximation and Projection (UMAP) for visualization, using 25 principal components as input.
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Clustering was achieved using a shared nearest neighbour (SNN), Louvain modularity optimization-
based clustering algorithm, with 25 principal components, 20 nearest neighbours and a resolution of 0.3
as input. Cell types were annotated based on the expression of canonical markers, identifying three

distinct LEC populations (Table S1).

Differential gene expression, pathway and similarity analysis. Differential gene expression within
each cluster compared to all other cells was assessed using the FindAllMarkers function of the Seurat
package, which implements a Wilcoxon rank-sum test with Bonferroni correction for multiple
comparisons. Genes with adjusted p-values < 0.05 were considered significantly differentially
expressed. Visualization tools within Seurat, such as dot plots and violin plots, were used to display
gene expression patterns. Over-representation analysis of Gene Ontology (GO) Biological Process
terms was performed by separating the significantly up- and down-regulated genes in each cluster with
the enrichGO function of the clusterProfiler package v4.2.2 (Ashburner et al., 2000; Yu et al., 2012;
The Gene Ontology Consortium, 2019). We manually parsed the list of significant GO terms to remove
terms that had redundant gene content, or shared ancestor terms, and calculated a module score of the
genes of each selected GO term per cell, using the AddModuleScore (Tirosh et al., 2016) function of
the Seurat package. The average module score per cluster per GO term was calculated and displayed as

a heatmap using the ComplexHeatmap package v2.10.0 (Gu et al., 2016) for R.

We investigated whether intestinal LECs expressed gene signatures of LECs from other organs such as
the mesentery, the skin and the lymph node. To this end, we obtained transcriptomics data from the
respective organs. For each mesenteric (Gonzalez-Loyola et al., 2021) or dermal LEC subtype (Petkova
et al., 2023), the FindAllMarkers function was used to define a signature consisting of 50 marker genes
up-regulated in each LEC subtype. For lymph node LEC gene signatures, we used the marker genes
described in Figure 5B from Xiang et al. (Xiang et al., 2020). The AddModuleScore function was used
to evaluate the expression magnitude of the mesenteric, dermal or lymph node LEC marker genes per
cell, and the median module score per gene signature per cluster displayed using the ComplexHeatmap
package. Finally, we assessed transcription factor activity per cell using the SCENIC implementation

for R v.1.3.1, using default parameters (Aibar et al., 2017).

Immunohistochemistry and imaging

Tissue preparation and staining. Mice were terminally sedated and intracardially perfused first with
PBS and then with 4% PFA (158127, Sigma-Aldrich) to fix the tissues. Preparation of whole-mounted
tissues, cryosections, and paraffin sections were performed as previously described in (Bernier-Latmani
and Petrova, 2016). In brief, the small intestine was dissected between the stomach and cecum, flushed
with cold PBS, opened longitudinally, and pinned flat. Tissues were fixed in 4% PFA (paraffin sections)

or 0.5% PFA with picric acid and sodium phosphate (whole-mounts and cryosections) overnight at 4°C.

28



967
968
969
970
971
972
973

974
975
976
977
978
979

980
981
982
983
984
985
986

987
988
989
990

991
992
993
994
995

996
997
998
999
1000
1001

For embryonic tissues, skin (E16.5) and mesenteries (E18.5) were fixed in 4% PFA for 2 hours at room
temperature, washed three times with PBS, and immediately proceeded to immunostaining.
Cryosections were cut at 10 pm (gut) or 8 pm (LN), and paraffin sections at 4 um. Sections were
permeabilized with 0.3% Triton X-100, blocked with 0.5% BSA, and incubated with primary antibodies
(Table S4) overnight at 4°C. After PBS washes, sections were stained with Alexa Fluor-conjugated
secondary antibodies for 1 hour (sections) or overnight (whole-mounts). DAPI was added for nuclear

staining. Samples were mounted in Fluoromount-G (sections) or Histodenz (whole-mounts).

Multiplex immunohistochemistry. Multiplex immunohistochemistry was performed on paraffin-
embedded tissue sections. After the initial round of primary antibody staining and imaging, coverslips
were removed by incubating the sections in PBS 1x with gentle rocking and sections were incubated
with elution buffer composed of 0.5 M glycine, 3 M guanidinium chloride, 3 M urea and 40 mM tris(2-
carboxyethyl) phosphine in distilled water for 4 min at RT. Following elution and washes, sections were

incubated with a second set of primary antibodies for a second round of staining.

Immunostaining of cells. LECs seeded on glass coverslips in 24-well plates, were fixed with 4% PFA
in PBS containing 0.1% CaCl. and 0.05% MgClz, permeabilized with 0.1% Triton X-100 (AppliChem,
A1388) in PBS and blocked with a solution of 0.5% BSA (AppliChem, A1391) and 0.1% Triton X-100
in PBS for 1 hour at room temperature. Coverslips were incubated with primary antibodies (Table S4)
incubated overnight at 4 °C, washed with PBS, incubated with Alexa Fluor-conjugated secondary
antibodies (Thermo Fisher Scientific) supplemented with DAPI (0.2 pg/ml) for 1 hour on a shaking

platform at room temperature, washed and mounted using Fluoromount-G mounting medium.

Imaging and analysis. Confocal imaging was performed using Zeiss LSM 880 with Airyscan (Zen
Black software), Nikon Ti2 Yokogawa CSU-W1 Spinning Disk (Nikon NIS-Elements AR 5.0
software), Zeiss Imager Z1 (Zeiss Axiovision SE64 rel 4.9.1 software), and Hamamatsu NanoZoomer

S60 (NDP.view2 software). We used ImagelJ Fiji for image analysis.

Collateral vessel quantification in mesenteric lymphatics. Mesenteric collecting lymphatic vessels from

ZIecko Zlecko

Foxc and Agpl,;Foxc mice, were prepared as described above. Lymphatic valves were
identified by PROX1high valve cells. Collateral vessels were defined as PROX1+ cellular protrusions
extending from the valve region. The percentage of valves with one or more collateral sprouts was

quantified.

Quantification of YFP+ cells in mosaic lacteals. For mosaic Agp! deletion analysis, whole-mount

intestinal tissues from Rosa26-EYFP; Agp1““*“ and control mice were processed as described above.
The total number of LECs per lacteal was determined by counting PROX1+ nuclei within the LYVE1+
lacteal boundary. YFP+ LECs were identified by co-localization of YFP signal with PROX1+ nuclei,
and the percentage of YFP+ LECs was calculated as: (number of YFP+ PROX1+ cells / total PROX1+

cells) x 100 for each lacteal. For spatial distribution analysis, each lacteal was segmented into five equal
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positional bins (0-20%, 20-40%, 40-60%, 60-80%, and 80-100% of total lacteal length from base to
tip). Lacteal length was measured from base (crypt-associated region) to tip (villus apex) along the
vessel centerline. Each YFP+ PROX1+ cell was assigned to the corresponding bin based on its position
along the base-to-tip axis. The proportion of YFP+ cells in each positional bin was calculated as:

(number of YFP+ cells in bin / total YFP+ cells in the entire lacteal) x 100.

F-actin distribution analysis. For each cell, a straight line was drawn from the cell edge to the center,

and F-actin fluorescence intensity along this line was measured using the "Plot Profile" function in
ImageJ (NIH, Bethesda, MD, USA). The line length was normalized to 100 arbitrary units, and intensity
values were extracted at regular intervals every 5% of the normalized distance. Intensity profiles from

multiple cells were averaged to generate a mean F-actin distribution curve for each condition.

B-catenin quantification. An identical intensity threshold was applied across all conditions to define 3-

catenin-positive signal. Total B-catenin-positive area was measured and normalized to cell number.

Values were normalized to the control condition (EBFP?Z, 300 mOsm).

Lymphatic malformation analysis. To quantify AQP1 and VEGFR3 co-expression, a threshold was first

set on the VEGFR3 channel to delineate the total lymphatic vessel area, followed by a separate threshold
for the AQP1 channel. The area of double-positive (AQP1"VEGFR3") regions was then measured and
divided by the total VEGFR3" area. The same approach was used to determine the percentage of
AQPI"EMCN" area. For LEC proliferation, thresholds were set for both PROX1 and K167, and the
number of double-positive PROX17KI67" cells was normalized to the total number of PROX1" cells.
A threshold based on the Otsu algorithm was applied to the AQP1 channel to classify proliferating
LECs (PROX17KI67") as AQP1" or AQPI", based on whether the measured mean AQP1 intensity in
each cell exceeded this threshold. Macrophages were quantified by applying a threshold to the CSF1R
channel and counting the number of CSFIR" cells, which was subsequently normalized to the total

tissue area.

Statistical analysis

Data were analysed using Wolfram Mathematica (13.0), R (v4.1.2) and GraphPad Prism (8). All plotted
values are presented as mean + standard deviation (SD). For two-group comparisons, a one-sample,
paired, Student’s or Welsh’s t-test was performed, as appropriate. For comparisons involving more than
two groups, one-way ANOVA or two-way repeated-measures ANOVA was used, followed by Tukey’s
post hoc test or p-value corrections (Benjamini-Hochberg, Holm—Sidak, or Benjamini-Krieger-
Yekutieli). The specific test used for each experiment are indicated in the figure legends. A p value

<0.05 was considered statistically significant.
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Online supplemental material

Fig. S1 is related to Fig. 1 and contains scRNA-seq integration, re-clustering details, and GO term
enrichment for intestinal LEC subsets. Fig. S2 is related to Fig. 2 and provides AQP1 distribution across
intestinal regions, validation of Agp1 deletion via FACS and qPCR, and re-analysis of published stromal
and epithelial datasets. Fig. S3 is related to Fig. 3 and details the impact of antibiotic treatment on lacteal
morphology and marker expression. Fig. S4 is related to Fig. 4 and Fig. 5 and describes in vitro LEC

responses to osmotic and hydrostatic stress, including detailed spheroid and VPT sprouting assay

quantifications. Fig. S5 is related to Fig. 6 and Fig. 7 and contains qPCR validation of transcriptomics,

characterization of lymph node LEC subpopulations, and macrophage infiltration in lymphedema.
Table S1 is related to Fig. 1 and lists scRNA-seq datasets and markers. Table S2 is related to Fig. 4 and
provides comprehensive statistical comparisons for sprouting assays. Table S3 is related to Fig. 6 and
includes BRB-seq differential gene expression data. Table S4 lists primers and antibodies. Source data

for Fig. 4 and Fig. 5 are provided as separate files.

Data availability

The single-cell RNA sequencing data generated and analyzed in this study are available in the Gene
Expression Omnibus (GEO) under accession numbers GSE288670 (cells from samples 1-3, Table S1)
and GSE288925 (cells from samples 4 and 5, Table S1). The bulk RNA sequencing (BRB-seq) data are
available in GEO under accession number GSE312554 (Table S3).
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Figure legends

Figure 1

Characterization of intestinal LEC heterogeneity through integrated scRNA-seq analysis. A.
Scheme illustrating the integration of scRNA-seq data from intestinal LECs from this study (samples
1-5) and three published studies (samples 6-8). LECs were defined as Pecam1”, Flt1~, Prox1”, and Flt4"
cells. Cells with similar transcriptional profiles were aligned and grouped to minimize batch effects,
followed by unsupervised clustering, differential gene expression and GO enrichment. B. UMAP
showing integrated cells, colored by cluster assignment at resolution 0.3. C. Dot plot displaying the top
variably expressed genes per cluster. Dot size indicates the percentage of cells expressing the gene
within each cluster; color reflects scaled average expression levels. D. AQP1 is expressed in lacteal
LECs. Whole-mount immunofluorescence staining of small intestine for CD31 (green), LYVEI
(magenta), and AQP1 (cyan) in the merged image. Separate grayscale images show LYVEIL or AQP1
staining alone. E. FABP4 is expressed in lacteal LECs. Whole-mount immunofluorescence staining for
LYVEI (cyan), and FABP4 (red). Separate grayscale images show LYVE1 or FABP4 staining alone;
the red dotted line in the zoomed inset outlines the lacteal. F. CLCA3A1 is mostly expressed in serosal
LECs. Immunohistochemical staining of paraffin-embedded small intestine sections for CLCA3ALl
(cyan), VEGFR3 (magenta) and DAPI (yellow). Separate grayscale image shows CLCA3A1 staining
alone. G. The anatomical localization of the LEC clusters in small intestine, showing lacteal LECs
(cluster 0), submucosal, muscular and serosal (S/S) LECs (cluster 1). H. Comparison of intestinal LEC
clusters with LECs from other tissues. Heatmaps show the signature comparisons of three intestinal
LEC clusters with LEC clusters from skin (Petkova et al., 2023), lymph node (Xiang et al., 2020), and
mesentery (Gonzalez-Loyola et al., 2021), respectively. Colors represent similarity scores (scaled

median module scores). Scale bars: 25 um.

Figure 2

AQP1 is essential for lacteal function. A. AQP1 is enriched at the lacteal tip. Image of a lacteal
marking the tip and base. Paired AQP1 fluorescence intensity quantification at the tip and base of the
same lacteal. n=5 mice, 10 lacteals per mouse; paired t-test. B. Generation of LEC-specific Agpl
knockout mice. Top: Schematic of the genetic model for conditional Agp! deletion in LECs (4gp1£€),
with loxP sites flanking exons 2 and 3 of Agpl and CreERT2 expression under the ProxI promoter.
Bottom: Timeline of tamoxifen injections over four weeks to induce deletion. C. Validation of AQP1
deletion in intestinal LECs. Staining for AQP1 (cyan) and LYVE]1 (red) shows representative base-to-
tip lacteals in Agp ™" and Agp1"*“ mice. Grayscale images show individual staining. D. Lymphatic

Agpl deletion leads to lacteal shortening. Schematic illustrates measurement of lacteal length relative
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to blood vessels. Violin plots show the distribution of relative lacteal length intervals as percentages of
villus length in Agp ™" and Agpl™“*C mice. n=10 mice, mixed sex; two-way repeated-measures
ANOVA, followed by pairwise t-tests with Benjamini-Hochberg correction. E. Lymphatic Agpl
deletion blunts dietary lipid absorption. Timeline for olive oil gavage and blood sampling at indicated
intervals. Line graph shows serum triglyceride (TG) levels over time. n=11 mice; two-way repeated-
measures ANOVA, followed by two-sample t-tests with Holm—Sidak corrections for multiple
comparisons. F. Plasma TG levels in control (4gp /™, n=4) and AgpI“* mice (n=3) following oral
gavage with olive oil in the presence of the lipoprotein lipase inhibitor Tyloxapol. Two-way ANOVA
followed by two-sample t-tests with Holm-Sidak correction. G. Lymphatic Agp! deletion prevents
weight gain on HFD. Timeline for tamoxifen injections and HFD administration. Dot plot shows
percentage weight gain from baseline (week two) after three weeks on HFD. control: Agp ", n=6 mice
and Agp1“"*, n=4 mice; HFD: Agp ™" n=4 mice and Agp1“*“ n=5 mice; Welsh’s t-test for each diet.

Data are shown as mean £SD. Scale bars: 25 pm.

Figure 3

Postnatal AQP1 expression in lacteal LECs is induced by microbiota and VEGFR3 signaling. A.
AQP1 expression emerges postnatally in lacteals. Staining for AQP1 (magenta) and LYVE] (green) in
lacteals from postnatal days P1-P5. Grayscale images show AQP1 alone. B. Quantification of AQP1
distribution along the lacteal. One mouse per timepoint: P1 (n = 53 lacteals), P2 (n =51 lacteals), P3 (n
=55 lacteals), P4 (n =5 lacteals), P5 (n = 68 lacteals). Scale bar: 20 um. C. Microbiota depletion reduces
AQP1 in lacteals. Immunofluorescence images of lacteals from control and antibiotic-treated mice
stained for AQP1 (magenta) and LYVEI] (cyan). D. Quantification of AQP1 intensity per lacteal.
control: n=5 mice, antibiotic: n=4 mice; Student’s t-test. Scale bar: 25 um. E. VEGFR3 blockade lowers
AQP1 expression. Timeline for administration of VEGFR3-blocking (mF4-31C1) or control IgG2a
antibody. Staining for AQP1 (magenta) and VEGFR3 (cyan). Scale bar: 20 um. F. Quantification of

AQP1 intensity per lacteal. n=3 mice; Student’s t-test. Data are shown as mean £SD.

Figure 4

AQP1 enables LEC migration in hyperosmotic microenvironments. A. Lentiviral constructs used
to transduce human LECs. B. Validation of AQP1 overexpression in vitro. Western blot analysis of
control and AQP1°* LEC lysates for the indicated proteins. Representative of n=2 independent
experiments. Blots in this panel and Fig. 5D are from the same membrane; the histone H3 panel is the
same in both. C. AQP1 localization in transduced LECs. Staining for VE-Cadherin (green) and AQP1

(magenta). The yellow insets show magnified regions, with AQP1 shown in grayscale. Scale bars:
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25 um. D. Schematic of the spheroid sprouting assay. E. AQP1 overexpression promotes lymphatic
sprouting under osmotic stress. Representative images of F-actin (grey) and DAPI (red) staining.
Spheroid core, nucleated sprouts, and anucleated protrusions are indicated. The fuller set is shown in
Fig. S4A (inverted grayscale). Scale bar: 50 um. F. Quantification of sprout number per spheroid. G.
Quantification of total sprout length per spheroid. F-G. Mean sprout number under eight conditions
combining cell lines (control or AQP1°%), VEGF-C (— or +), and medium (control or hyperosmotic).
Dot colors indicate individual replicates (plates). n=4 (except AQP1, BSA, hyperosmotic n=3); three-
way ANOVA, followed by Tukey's multiple comparisons test. p values from paired comparisons are
shown in the plot. Representative significant comparisons are indicated; complete statistical results for
all pairwise comparisons are provided in Table S2. H. Mosaic deletion of Agp! in lacteals. Left:

experimental scheme for mosaic deletion analysis. Agp1****®;Rosa26-EYFP and control Rosa26-EYFP

mice received reduced tamoxifen (7.5 pg/g) to achieve mosaic deletion. Analysis performed 3 weeks

T*EC mosaic lacteals.

post-injection. Right: representative whole-mount images of control and Agp
Left: LYVEI (blue), PROX1 (green), YFP (magenta), DAPI (blue). Middle and right: PROX1 and YFP
shown separately in grayscale. Dotted lines outline lacteal boundaries. Scale bar: 30 pm. I. Decreased
proportion of YFP Prox1" cells in AgpI***€ lacteals. WT: n=3 mice, AgpI****C: n=4 mice; Mann-
Whitney test. J. Decreased proportion of YFP* cells at lacteal tips. WT: n=3 mice, Agp1**"*®: n=4 mice;
Mann-Whitney test. K. Spatial distribution of YFP" LECs along lacteal length. Agp-deficient cells are

enriched at the base (0-20%) and depleted from tip positions (80-100%). WT: n=3 mice, Agp**"E°:

n=4 mice; two-way repeated measures ANOVA followed by pairwise t-tests with Benjamini-Hochberg
correction. L. Model summarizing in vitro and in vivo findings. Left: AQP1-expressing LECs migrate
further than AQP1-deficient cells under hyperosmotic conditions in the presence of VEGF-C. Right: In
lacteals, AQP1" LECs migrate toward the villus tip along the osmolarity gradient, while AQP1-deficient

cells are excluded from high-osmolarity tip positions. Data are shown as mean +SD.

Figure 5

AQP1 facilitates cytoskeletal and junctional remodeling under osmotic stress. A. Representative
images stained for AQP1 (red), F-actin (white) and B-catenin (green) in control (EBFF) and AQP1°F
LECs under control (300 mOsm) and hyperosmotic (500 mOsm) conditions. Yellow insets indicate
regions magnified in panel B. B. F-actin distribution analysis. Top: Magnified insets from panel A
showing measurement approach from cell periphery (P) through center (C) to periphery (P). Bottom:
quantification of F-actin intensity distribution across the cell, in control and AQP1% cells at 300 mOsm
and 500 mOsm. n=3 independent experiments with 20 cells per experiment; multiple unpaired t-tests
comparing control vs AQPI1°F 300 mOsm at each position for 300 mOsm and 500 mOsm separately,

with FDR correction (Q=5%). Bracket: positions with adjusted p<0.05 at both osmolarities. C.

46



1547
1548
1549
1550
1551
1552
1553
1554
1555

1556

1557

1558
1559
1560
1561
1562
1563
1564
1565
1566
1567
1568
1569
1570
1571
1572
1573
1574

1575

1576

1577
1578
1579
1580

Quantification of relative -catenin area per cell. n=3 independent experiments; two-way ANOVA with
Sidak’s multiple comparison test. D. Increased B-catenin levels in AQP1°F LECs. Western blot analysis
and quantification of B-catenin and histone H3 (loading control). n=2 independent experiments. Blots
in this panel and Fig. 4B are from the same membrane; the histone H3 panel is the same in both. E.
AQP1 interacts with B-catenin. Representative images of proximity ligation assay (PLA) in WT,
CTNNBI*P, AQP1°®, and CTNNBI*" + AQPI°* LECs under control and hyperosmotic conditions.
DAPI (blue), PLA signal (red puncta). F. Quantification of data shown in E. n=10 cells per condition,
representative of 2 independent experiments; one-way ANOVA with Tukey's post-hoc test. Data are

mean £ SD. Scale bar: 20 pm.

Figure 6

AQP1 normalizes osmotic stress-induced transcriptional changes. A. Experimental scheme for bulk
RNA barcoding and sequencing (BRB-seq). n=2. B. Volcano plot showing differential gene expression
in control LECs under hyperosmotic stress (Control 500 mOsm vs Control 300 mOsm). Osmotic stress
affects 1593 differentially expressed genes (adjusted p-value < 0.05, [log2 fold change| > 0.6). Selected
genes are labeled. C. Volcano plot showing differential gene expression between 4QP1° LECs at 300
mOsm and Control LECs at 300 mOsm (4QP1°F 300 vs Control 300). D. Heatmap showing scaled
expression of 1593 genes that are differentially expressed under osmotic stress and rescued by 4QP1
overexpression. Each row represents an individual gene. Gray and purple bars above columns indicate
osmolarity conditions (gray: 300 mOsm; purple: 500 mOsm). Black bars on the right mark genes that
are significantly differentially expressed between AQPI°* LECs and Control LECs at 500mOsm
(adjusted p-value < 0.05). E. AQP1 partially normalizes osmotic stress-induced transcriptional
response. Of 1593 genes altered by osmotic stress in control cells, 724 genes are rescued in AQP1%F
LECs under stress (rescued genes), while 738 genes remain differentially expressed. 131 genes show
normalization within 25-99% of baseline. F. Expression patterns of selected rescued genes across
functional categories (Polarity, Adhesion, Migration Signaling, Guidance, ECM, and Cytoskeleton).
Column 1: Ctrl: 500 vs 300 mOsm. Column 2: AQP1°F 500 vs Ctrl 300 mOsm. Circle size indicates

significance (p-adjusted); color indicates log: fold change.

Figure 7

AQP1 is induced during inflammatory lymphangiogenesis. A. Number of cells that express varying

levels of Agp! levels in dermal LEC subpopulations from control and Pik3ca™**"®

mice scRNA-seq
data re-analysed from (Petkova et al., 2023). Colors indicate Agpl expression quartiles: 0-25%, 25—

50%, 50-75%, 75-100%. B. AQP1 is induced in hypersprouting dermal lymphatics of Pik3ca'™**"®
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mice. Left: Whole-mount ear staining (control and Pik3ca™""®) for AQP1 (red), VEGFR3 (green), and
CD31 (blue). Grayscale images show individual channels. Scale bar: 50 um. Right: Quantification of
mean AQP1 intensity in VEGFR3" areas (control: n=3 mice; mutant: n=2 mice). C. AQP1 expression
in medullary sinus LECs. Staining of medullary sinus LECs (control and inflamed LNs) for AQPI
(magenta), LYVE]1 (green), PROXI1 (cyan) and DAPI (blue). Grayscale images show AQP1 alone and
AQP1 within LYVE1 mask. Scale bar: 50 pum. D. AQP1 is upregulated in secondary lymphedema (LD)
model. Staining of skin from control and LD mice for VEGFR3 (green), AQP1 (magenta), and DAPI
(blue). Dashed squares (1: control; 2: LD) indicate insets with separate grayscale images for VEGFR3
and AQP1. Scale bar: 100 um. The dot plot quantifies the percentage of AQP1" area within VEGFR3"
vessels (n=5 mice). E. AQP1" LECs show increased proliferation. Skin sections (control and LD)
stained for AQP1 (yellow), Ki67 (magenta) and PROX1 (cyan) or Ki67 (magenta), and PROX1 (cyan).
Arrows indicate PROX1" Ki67" cells; arrowheads, PROX 1" Ki67 cells; dashed lines outline lymphatic
vessels. Scale bar: 50 um. Left dot plot shows the percentage of PROX1" cells that are Ki67" (n=4
mice). Right dot plot shows Ki67" PROX1" cells in LD tissues. Data are shown as mean+ SD;

differences were assessed using Student’s t-test.

Figure 8

AQP1 is dispensable for embryonic but required for stress-adaptive lymphangiogenesis. A. AQP1
is not expressed during embryonic lymphangiogenesis. Whole-mount staining E16.5 skin stained for
CD31 (magenta), VEGFR3 (yellow), AQP1 (green); grayscale images show individual markers. Scale
bar: 100 pm. B. AQPI1 is absent in embryonic LN LECs. E17.5 LN sections stained for AQP1
(magenta), LYVEL (green), PROX1 (cyan) and DAPI (blue); grayscale images show AQP1 alone and
AQP1 masked by LYVEIL staining. Scale bar: 50 pum. C. AQP1 is induced in lymphatic valve sinuses
lecko

of postnatal Foxc

(yellow), AQP1 (red), and DAPI (blue). Right panels show AQP1 alone (grayscale). Yellow dotted

mice. Left panels: immunofluorescence staining for PROX1 (cyan), LYVEI1

lines outline lymphatic vessels. Scale bar: 25 um. D. AQP1 is not expressed in embryonic lymphatic

vessels in the model of lymphedema-distichiasis Foxc2“*’

from WT and Foxc2“*> embryos stained for PROX1 (red), FOXC2 (yellow), AQP1 (cyan), and DAPI

mice. E18.5 mesenteric lymphatic vessels

(blue). Right: AQP1 staining alone (grayscale). Yellow dotted lines outline lymphatic vessels (LV);
green dotted lines outline blood vessels (BV). Scale bar: 25 um. E. Loss of Agp! reduces formation of
collaterals in Agpl;Foxc2"* mice. Staining for PROX1 (purple) and CD31 (white). Yellow dotted

lines outline lymphatic vessels; red dotted lines mark sprouts from collecting vessels. F. Quantification

2lecko . 2lecko :

of valves with sprouts. WT: n=15 mice, Foxc n=6 mice, Agp1;Foxc n=7 mice. Data are mean

+ SD. One-way ANOVA with unpaired t-tests.
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Figure 9

Model: AQP1 facilitates lymphangiogenic response in hyperosmotic inflammatory environments.
A. AQP1 expression marks stress-adaptive lymphangiogenesis. Left: VEGF-C/VEGFR3 signaling
alone supports lymphatic development or maintenance in embryonic villus, homeostatic dermis and
lymph node. Right: AQP1 is induced in adult lacteals, dermal lymphatics in lymphatic malformations,
and inflamed lymph node, contexts sharing hyperosmolarity and macrophage infiltration. Medullary
sinus Ptx3+ LECs represent a constitutively primed niche. VEGF-C is present in all contexts; elevated
osmolarity and inflammatory signals define stress-adaptive environments. B. AQP1 enables LEC
migration under hyperosmotic stress. In the presence of VEGF-C, both AQP1-negative and AQP1-
positive LECs migrate under normosmotic conditions. However, under hyperosmotic stress, only
AQP1-expressing LECs maintain migratory capacity. C. Molecular basis of AQP1 function under
hyperosmotic stress. Without AQP1 (top), LECs accumulate cortical F-actin and stabilize adherens
junctions, blocking migration despite active VEGFR3 signaling. With AQP1 (bottom), water flux is
restored, stress fibers and junctional dynamics are maintained, and AQP1 interacts with -catenin,
allowing migration. Insets show resulting cellular phenotypes. Purple gradient, osmolarity (300-600

mOsm); yellow-green gradient, AQP1 expression. PM, plasma membrane.

Figure S1

Supplementary to Figure 1. A. UMAP of all integrated cells colored by their originating sample
(dataset numbers per Fig. 1A; cell numbers in brackets). B. AQP1 expression is restricted to villus
lacteals with minimal to no expression in serosal lymphatic vessels. Immunofluorescent staining of
intestinal tissue. Left: merged image showing VEGFR3 (green), AQP1 (magenta), EMCN (yellow),
and DAPI (blue). Middle: AQP1 staining alone. Right: AQP1 signal within VEGFR3 regions (mask).
Green dotted lines outline serosal lymphatic vessels (middle and right panels). Scale bar: 50 um. C.
UMAP of integrated cells re-clustered after removing IFN-response genes (cluster 2 markers). Colors
indicate original clustering (C1.0-1-2; Fig.1B), with full or empty circles (symbol) distinguishing the re-
clustering into CL.O-1. D. Expression of cluster 0 and cluster 1 marker genes after reclustering without
IFN-response genes. Dot plot showing expression of selected marker genes in cluster 0 (lacteal) and
cluster 1 (S/S) following removal of IFN-response genes and reclustering. Dot size indicates percent of
cells expressing each gene; color indicates scaled average expression. E. Heatmap of top GO biological
processes per cluster, colored by enrichment score. F. Dot plot of the top 10 transcription factors with
highest variability for regulon activity among clusters. Dot size shows Regulon Specificity Score (RSS),
indicating specificity to a cluster; dot color reflects the regulon activity z-score, indicating the level of
activity. G. Dot plot of the top 10 transcription factors with variable regulon activity. Dot size indicates

the percentage of cells expressing each factor; color reflects scaled average expression. H. Number of
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cells expressing varying levels of Ptx3 expression levels in intestine LEC clusters. Colors indicate Ptx3

expression quartiles: 0-25%, 25-50%, 50-75%, 75—-100%.

Figure S2

Supplementary to Figure 2. A. AQP1 is expressed in lacteals throughout the intestine. Duodenum,
jejunum and ileum stained for AQP1 (green) and CD31 (purple); grayscale images show AQP1 alone.
Scale bar: 25 pm. B. AQPI is detected in intestinal but not colon LECs. Paraffin sections of jejunum
and color stained for AQP1 (magenta), EMCN (yellow), VEGFR3 (green), DAPI (blue); grayscale
images show individual markers for insets. Scale bar: 20 um. C. Flow cytometry gating for LEC
isolation from the small intestine. Gating steps include exclusion of debris and doublets, gating of DAPT
live cells, exclusion of CD45" and EpCAM" cells, and finally sorting of CD31"PDPN" LECs. D.
Validation of AgpI deletion. gPCR for Agpl mRNA in Agp ™" and Agp1“*“ mice, normalized to 18S
rRNA. E. Representative images of LYVE] (green) and FABP4 (magenta) in WT (4gp/™") and
AgpI™ € mice. Right panels show FABP4 signal within LYVE1" vessel mask. Scale bar: 20 pm. F.
Representative images of LYVE1+ (green) and PTX3 (magenta). Right panels show PTX3 signal within
LYVE1" vessel mask + 5 pm. G. Quantification of mean FABP4 intensity in lacteals. WT: n=4 mice,
AgpI™F€: n=3; Welch's t-test. H. Quantification of mean PTX3 intensity. WT: n=4 mice, AgpI““*“:
n=3; Welch's t-test; ns, not significant. Scale bar: 20 pm. L. Dot plot showing expression of 4gp! and
Pitx3 across lamina propria cell types (ICCs, Villus SMCs, Fibin+, Crypt-, Prrx1+, Telocytes, Villus
fibroblasts). Dot size indicates percent expression; color indicates average expression. Data reanalyzed
from a published dataset (Bernier-Latmani et al., 2022), (GEO: GSE154821) J. Heatmap of gene
expression (log2(cpm+1)) for Epcam, Krt20, Agp1, Pdgfra, and Ptx3 in epithelial cells. Data reanalyzed
from a published dataset (Gonzélez-Loyola et al., 2022), (GEO: GSE189852). Data are mean + SD.

Figure S3

Supplementary to Figure 3. A. Representative images of LYVEI" lacteals in control and antibiotic-
treated mice. B. Quantification of mean lacteal length. n=4 mice. C. Representative images of LYVE1"
lacteals (green) and FABP4 (magenta) in control and antibiotic-treated mice. The right panels show the
FABP4 signal within LYVE1" vessel mask. D. Quantification of mean FABP4 intensity. E.
Representative images of LYVE1" lacteals (green) and PTX3 (magenta). The right panels show PTX3
signal within LYVE1" vessel mask. F. Quantification of mean PTX3 intensity shows trend toward
reduction (p=0.086). n=3 mice. Data are mean + SD. Differences were assessed using Welsh’s t-test;

ns, not significant. Scale bars: 20 pm.
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Figure S4

Supplementary to Figures 4 and 5. A. Representative inverted grayscale images of F-actin in control
(EBFP°F) and AQP1°F LECs, cultured in normosmotic, hyperosmotic, or hypoosmotic medium, with
or without VEGF-C. B. Quantification of nuclei per 100 pm sprout length across conditions (cell type:
Control vs AQPI%; treatment: BSA vs VEGF-C; osmolarity: Control vs Hyperosmotic). C.
Quantification of protrusion number per spheroid across conditions. Data in B-C: n=4 independent
experiments (except AQP1, BSA, hyperosmotic n=3). Three-way ANOVA followed by Tukey's
multiple comparisons test. Representative significant comparisons are indicated; complete statistical
results for all pairwise comparisons are provided in Table S2. D. Representative images of control and
AQP1°F LEC sprouting in vascular phenotypic and proteomic analysis (VPT) platform under control
(300 mOsm) and hyperosmotic (500 mOsm) conditions. E. Quantification of relative sprout number,
relative sprout length, and relative nuclei per sprout baseline. AQP1 overexpression increases sprout
number and length at 500 mOsm. n=3 independent experiments; two-way ANOV A followed by Tukey's
multiple comparisons test. F. AQP1 expression levels shown relative to RPL27 housekeeping gene

]OE

expression in control and AQPI™™ LECs under increasing hydrostatic pressure (0, and 2mmHg). n=3

biological replicates. Two-way ANOVA followed by Sidak's multiple comparisons test. G.

Ji OE

Representative images of control and AQPI”" LECs under hydrostatic pressure showing DAPI (blue)

and F-actin (white). H. F-actin intensity distribution under hydrostatic pressure (0 and 2 mmHg).

Multiple unpaired t-test comparing control vs AQP1%F

at each position for each pressure condition, with
FDR correction (Q=5%). n=3 biological replicates. Symbols: * adj. p <0.05. Data are mean = SD. Scale

bars: 50 pm.

Figure S5

Supplementary to Figures 6-7. A. qPCR validation of LEC transcriptomics. Expression of selected
genes (AQP1, SGK1, ZFP36LI1, PKNI) in control and AQP1°F LECs under control (300 mOsm) and
hyperosmotic (500 mOsm) conditions relative to 18S. n=2. B. Quantification of AQP1 expression in
lymph node LECs. Left bar chart: quantification of AQP1+ area within LY VE1+ mask in inguinal and
popliteal lymph nodes at postnatal and adult stages (postnatal and adult inguinal n=4, inflamed inguinal
and popliteal n=2 mice). Right bar chart: comparison of AQP1+ area in subcapsular sinus (SCS) versus
medullary sinus at postnatal and adult stages (n=4 mice; 2 sections per animal for adult groups). Mann-
Whitney U test. C. AQP1 is absent in subcapsular sinus LECs. Control and inflamed LN sections stained
for AQP1 (magenta), LYVEI1 (green), PROX1 (cyan), and DAPI (blue); grayscale images show AQP1
alone and AQP1 masked by LYVEI staining. Scale bar: 50 um. D. Macrophage infiltration increases
in lymphedema (LD). Skin sections stained for VEGFR3 (green), CSFIR (magenta, macrophages),
CD4 (yellow, T-cells), and DAPI (blue); grayscale images show CSFIR or CD4 alone. Scale bar:
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50 um. The dot plot quantifies the number of CSF1R" cells per mm?. E. AQP1" lacteals are surrounded
by macrophages. Paraffin sections of jejunum stained for LYVE1 (green), CSFIR (red), and DAPI
(blue) (n=5 mice). Scale bar: 20 um. F. AQP1 expression at valve-adjacent regions in lymphedema.
Skin section from LD mouse stained for AQP1 (magent a), VEGFR3 (cyan), and DAPI (blue). Dashed
box indicates magnified region shown in grayscale insets for VEGFR3 and AQP1. Magenta arrowheads
indicate AQP1-high regions adjacent to valve leaflets; mint arrowheads indicate VEGFR3+ AQP1-low
regions. Scale bar: 50 um. G. AQP1 is upregulated in blood vessels in LD. Skin sections (control and
LD) stained for AQP1 (magenta), VEGFR3 (cyan), and EMCN (green); grayscale images show AQP1
alone (n=5 mice). Scale bar: 50 um. The dot plot shows the percentage of AQP1" area within EMCN"

vessels. Data are mean + SD. Differences were assessed using Student’s t-test.
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Figure 4
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Figure 7
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Figure 8
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Figure 9

A
Developmental/  Stress-adaptive
homeostatic

Villus

Embryonic Adult postnatal

VEGF-C Macrophage

Dermis

Homeostasis Lymphatic

malformation

& Pix3+ LECs

Lymphatic

i
i
I
I
I
|
capillaries I

Lymph node

Inflammation

Homeostasis '

Osmolarity (mOsm) AQP1 expression

B | B |
300 600  min max

B

Normosmotic

Close-up: spheroid sprout
Hyperosmotic

AQP1-neg

Cell
migration

VEGF-C

o

migration

AQP1-pos

Cell.
migration

¥ Cel
migration

Hyperosmotic
intercellular space

Hyperosmotic
intercellular space

fstress fibers)

AQP1-expressing LEC

Adjacent LEC




Figure S1
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Figure S2
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Figure S3
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Figure S4
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