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Aquaporin-1 sustains lymphangiogenic responses in
hyperosmotic inflammatory microenvironments
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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-specific Agp1 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.

Introduction

The lymphatic vascular system plays a crucial role in fluid ho-
meostasis, 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 (LNs) and
eventually returned to the bloodstream. Recent single-cell RNA-
sequencing (scRNA-seq) studies have revealed distinct molecu-
lar profiles of capillary, precollecting, and valve lymphatic
endothelial cells (LECs), reflecting their functional specialization
(Norrmén et al., 2010; Petkova et al., 2023; Xiang et al., 2020;
Gonzélez-Loyola et al., 2021). Similarly, blood endothelial cells
(BECs) exhibit transcriptional heterogeneity reflecting their

functions as arteries, veins, and capillaries. Additionally, mul-
tiple organ-specific BEC 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 LN LECs display notable specialization
(Xiang et al., 2020; Takeda et al., 2019; Fujimoto et al., 2020),
LECs across different organs, including the small intestine, ap-
pear to be more homogeneous than BECs (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 Pet-
rova, 2017; Bernier-Latmani et al., 2024). Lacteals, the lymphatic
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capillaries located in small intestinal villi, serve as the main sites
of dietary lipid uptake. Unlike other adult lymphatic vessels,
lacteal LECs maintain a prolymphangiogenic phenotype (Bernier-
Latmani et al., 2015; Nurmi et al., 2015) in a hyperosmolar mi-
croenvironment, with villus tip osmolarity reaching ~600 mOsm
during nutrient absorption (Hallbick et al., 1991). During fat ab-
sorption, chylomicron accumulation and increased solute con-
centration generate osmotic gradients that acutely alter lacteal
junction configuration (Zarkada et al., 2023). Following absorp-
tion, 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 regen-
eration upon injury (Goto et al., 2022; Palikugqi et al., 2022; Niec
etal,, 2022).

Although these findings highlight intestinal lymphatics as
critical for lipid uptake and tissue repair, the adaptation of lac-
teals to the distinct, high-osmolarity (Hallback et al., 1991) and
hypoxic (Singhal and Shah, 2020) environment of small intes-
tinal villi has yet to be fully explored. Therefore, we aimed to
refine the characterization of murine intestinal LECs by inte-
grating scRNA-seq data from new and published datasets. Our
results reveal a distinct transcriptional program distinguishing
lacteal from submucosal and serosal (S/S) intestinal LECs and
show that lacteals closely resemble a recently identified subset
of Ptx3* immune-interacting LECs (Petkova et al., 2023). We
identify Aqpl, encoding a highly conserved water channel (Agre
et al., 1993; Agre et al., 2002), as a member of the Ptx3* gene
signature and demonstrate that AQPI 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, in-
cluding its modulation by vascular endothelial growth factor
receptor 3 (VEGFR3) signaling and microbial cues, and demon-
strate that AQPI facilitates junctional and cytoskeletal remodel-
ing, rescuing hyperosmotic stress-induced junctional tightening
and transcriptional programs. We further examine AQPI ex-
pression during development and under inflammatory con-
ditions, 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 inflam-
matory remodeling of the lymphatic vasculature, and highlight
tissue osmolarity as a key biophysical factor in postnatal
lymphangiogenesis.

Results

Characterization of small intestinal LEC subsets

To explore the heterogeneity of LECs in the mouse small intes-
tine, we conducted an integrated scRNA-seq analysis by com-
bining 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. 1 A and Table S1). We
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identified 6802 LECs based on the expression of the pan-
endothelial marker Pecaml, lymphatic markers ProxI and Vegfr3
(Flit4), and the absence of the blood endothelial marker Fltl
(Tacconi et al., 2021). Visualization of the integrated intestinal
LEC datasets using Uniform Manifold Approximation and Pro-
jection (UMAP) revealed a single, continuous grouping of cells,
indicating overall transcriptional similarity (Fig. S1 A). However,
unsupervised clustering separated the cells into three sub-
clusters, revealing underlying heterogeneity within this popu-
lation (Fig. 1 B). Among the cluster-defining markers, Cluster 0
showed elevated expression of Aqpl, Fabp4, and Itih5; Cluster
1 was enriched for Clca3al, Fxyd6, and Klhl4; and Cluster 2 dis-
played higher levels of Isgl5, Itih3, and Irf7 (Fig. 1 C and 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 S/S LECs (Fig. 1 D and Fig. S1
B), 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 promi-
nently expressed in lacteal LECs and neighboring LYVE1~ blood
vessels, while staining was almost absent in submucosal LECs
(Fig. 1 E). In contrast, calcium-activated chloride channel regu-
lator 3A-1 (CLCA3AL1, formerly mCLCA1) implicated in Ca®*-de-
pendent 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 spo-
radically detected in submucosal LECs, but not in lacteal LECs
(Fig. 1 F). 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 S/S LECs (Fig. 1 G). Cluster 2 was charac-
terized 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. 1 C), raising the possibility that tissue-processing stress
upregulated interferon signaling transcripts. We therefore re-
moved IFN markers (Fig. 1 C) and performed a new clustering
analysis, which yielded two clusters, with former IFN cluster
cells redistributing to Cluster O or 1, while retaining expression
of their original cluster markers (Fig. S1, C and D). scRNA-seq
data from Wiggins et al. (2023) identified four LEC clusters
(LEC1, LEC2a, LEC2b, and IFN; spatial localization undeter-
mined), with only the IFN cluster showing transcriptional sim-
ilarity to our IFN LECs (Fig. 1 A and Table S1). Differences from
Wiggins et al. likely stem from methodological factors: LEC-only
vs. LEC/BEC clustering, clustering parameters, and sample size
(839 vs. 6,802 cells from one vs. eight mice). Taken together, our
results reveal defining transcriptional profiles and spatial or-
ganization among intestinal LEC subpopulations.

To characterize the functional roles of gut LEC subsets, we
performed overrepresentation analysis of Gene Ontology (GO)
pathways (Fig. S1 E and 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
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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. The dot size indicates the percentage of cells expressing the gene within each cluster; the color reflects scaled average expression levels.
(D) AQP1 is expressed in lacteal LECs. Whole-mount immunofluorescence staining of small intestine for CD31 (green), LYVE1 (magenta), and AQP1 (cyan) in the
merged image. Separate grayscale images show LYVEL or AQP1 staining alone. (E) FABP4 is expressed in lacteal LECs. Whole-mount immunofluorescence
staining for LYVEL (cyan) and FABP4 (red). Separate grayscale images show LYVEL or FABP4 staining alone; the red dotted line in the zoomed inset outlines the
lacteal. (F) CLCA3AL is mostly expressed in serosal LECs. Immunohistochemical staining of paraffin-embedded small intestine sections for CLCA3A1 (cyan),
VEGFR3 (magenta), and DAPI (yellow). Separate grayscale image shows CLCA3AL staining alone. (G) Anatomical localization of the LEC clusters in small in-
testine, showing lacteal LECs (Cluster 0) and 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 (LN) (Xiang et al., 2020), and mesentery
(Gonzélez-Loyola et al.,, 2021), respectively. Colors represent similarity scores (scaled median module scores). Scale bars: 25 pm.

etal., 2015; Nurmi et al., 2015). S/S LECs showed enrichment for ~ potentially drives enhanced protein synthesis to preserve
RNA processing and translation, suggesting increased protein vessel integrity. As expected, IFN LECs were enriched for
synthesis requirements. Exposure to higher mechanical stressin ~ pathways associated with immune responses and viral de-
the submucosal and muscularis layers (Egorov et al., 2002) fense mechanisms.
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In addition, we employed SCENIC (Aibar et al., 2017), a bio-
informatics pipeline based on co-expression and motif enrich-
ment, to evaluate transcription factor activity in the LEC subsets.
Lacteal LECs displayed higher activity of SOX4, MXD4, NR2F2
(COUP-TFII), HEYL, IRF8, and HMG20b, although only Sox4,
Mxd4, and Nr2f2 transcripts were clearly detected in lacteal LECs
(Fig. S1, F and G; and Table S1). NR2F2 is essential for initiating
and maintaining ProxI 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. S1 F), while the expression of Foxpl,
Foxp2, Tbxl, and Ebfl was also higher in this subset (Fig. S1 F and
Table S1). FOXC1/2, FOXP2, and TBXI1 control collecting lymphatic
vessel development and function (Norden et al., 2020; Herndndez
Vasquez et al., 2021; Chen et al., 2010), suggesting a transcrip-
tional similarity of S/S LECs with precollecting 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 spe-
cialized identities of the gut LEC subsets.

All gut LECs express LYVEI and lack smooth muscle cells
(SMC) coverage, suggesting they are lymphatic capillaries (Schulte-
Merker et al., 2011). However, lacteal and S/S LECs display dis-
tinct 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), LN (Xiang et al., 2020), and mesenteric
LECs (Gonzélez-Loyola et al., 2021) (Fig. 1 H). S/S LECs most
closely resembled collecting and capillary dermal LECs; pre-
collecting, valve, and proliferating mesenteric LECs; and ceiling
LN LECs (Fig. 1 H), which originate from afferent collecting
lymphatic vessels (Bovay et al., 2018). These findings reinforce
the idea that submucosal lymphatics are precollectors. In con-
trast, lacteal LECs matched capillary LECs from the mesentery,
but showed closer alignment with Ptx3* capillary LECs, a subset
found in inflamed skin and noninflamed LNs (Petkova et al.,
2023; Xiang et al., 2020), rather than noninflamed Ptx3- capil-
laries from these organs (Fig. 1 H). The lacteal signature en-
compassed genes specific to Ptx3* LECs including Itih5, Mrcl,
Igfbp4, Agpl, Ccnd2, Stabl, Mest, Tspani8 (Table S1). Mrcl and Aqpl
were also identified as top markers of Ptx3* lung LECs (Fernandes
etal., 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. S1 H), 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 LECs that display transcriptional signatures of precollector
lymphatics.

AQP1 promotes lacteal maintenance and dietary lipid uptake

Among genes enriched in lacteal LECs, Agpl ranked as one of the
most defining markers (Fig. 1 C). AQPI is a tetrameric integral
membrane protein in which each monomer serves as an os-
motically driven, water-selective pore (Agre et al., 1993).
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Although extensively studied in the kidney epithelial cells, AQP1
is also expressed in multiple other cell types (Agre et al., 2002),
including BECs, where it regulates angiogenic sprouting, cell
migration, and permeability, particularly in response to osmotic
stress (Saadoun etal., 2005; Carter et al., 1998; Kondrychyn et al.,
2025). Lacteals must sustain their prolymphangiogenic pheno-
type (Bernier-Latmani et al., 2015; Nurmi et al., 2015) in an os-
motically challenging environment (Hallback et al., 1991). Given
the established role of AQPI in angiogenesis and its exclusive
expression among aquaporins in lacteal LECs (Table S1), we
hypothesized that AQP1 is essential for lacteal function. Con-
sistently, AQP1 was expressed in lacteals throughout all regions
of the small intestine (Fig. S2 A), with significantly higher levels
at the lacteal tip compared with the base (Fig. 2 A). 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. S2 B).

To directly assess the functional role of AQPI in lacteal
physiology, we generated a conditional knockout mouse model
(AgpI'ALEC) by crossing Aqpl/ mice (Zhang et al., 2016), in which
exons 2 and 3 of Agpl are flanked by loxP sites, with Proxl-CreERT2
mice (Bazigou et al., 2011), enabling tamoxifen-inducible LEC-
specific deletion of Agpl (Fig. 2 B). Immunofluorescence staining
showed a marked reduction of AQPI in lacteal LECs of AgpI/ALEC
mice (Fig. 2 C), validating the deletion. Scattered AQP1-positive
puncta 3-4 pm in size appeared along the lacteals of AgpI'ALEC
mice, although their origin and significance remain unclear. We
also confirmed efficient Agpl deletion at the mRNA level by iso-
lating LECs from the small intestine using fluorescence-activated
cell sorting (FACS) and performing quantitative PCR (qPCR) tar-
geting exons 2 and 3 of Agpl (Fig. S2, C and D).

To assess the impact of Agpl 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 sig-
nificant shift toward shorter lacteals in AqpILE€ mice (Fig. 2 D).
These findings indicate that Aqpl is essential for maintaining
normal lacteal length. To assess whether other lacteal markers
were affected, we examined PTX3 and FABP4. The expression of
PTX3 was preserved, while the intracellular fatty acid trans-
porter FABP4 (Furuhashi and Hotamisligil, 2008) was reduced
~50% (Fig. S2, E-H). As PTX3 is a secreted protein, we verified
lacteal origin by reanalyzing published scRNA-seq data of lam-
ina propria stromal cells (Fig. S21) (Bernier-Latmani et al., 2022)
and published bulk RNA-seq of intestinal epithelium (Fig. S2 )
(Gonzélez-Loyola et al., 2022), and found no Ptx3 expression in
either.

To determine whether lacteal function is hampered by loss of
Agpl, we performed lipid tolerance tests in control and Agpli4LEC
mice. We measured serum triglyceride (TG) levels over time
following oral administration of a bolus of olive oil (Fig. 2 E).
AqpI'LEC mice showed significantly lower serum TG levels at 2 h
after gavage compared with controls (Fig. 2 E), suggesting im-
paired 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 in-
hibitor Tyloxapol (Fig. 2 F). Under these conditions, plasma TG
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Figure2. AQP1is essential for lacteal function. (A) AQP1is 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 Agp1 knockout
mice. Top: schematic of the genetic model for conditional Agp1 deletion in LECs (AqpI'2tEC), with loxP sites flanking exons 2 and 3 of Agpl and CreERT2 ex-
pression under the Prox1 promoter. Bottom: timeline of tamoxifen injections over 4 wk to induce deletion. (C) Validation of AQP1 deletion in intestinal LECs.
Staining for AQP1 (cyan) and LYVE1 (red) shows representative base-to-tip lacteals in Aqp1f! and AgpI4LEC mice. Grayscale images show individual staining.
(D) Lymphatic Agp1 deletion leads to lacteal shortening. Schematic illustrates measurement of lacteal length relative to blood vessels. Violin plots show the
distribution of relative lacteal length intervals as percentages of villus length in Agp1?/ and AqpI2tEC mice. n = 10 mice, mixed sex; two-way repeated-measures
ANOVA, followed by pairwise t tests with the Benjamini-Hochberg correction. (E) Lymphatic Agp1 deletion blunts dietary lipid absorption. Timeline for olive oil
gavage and blood sampling at indicated intervals. The line graph shows serum 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 (Aqp1f, n = 4) and AgpI™ALEC 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 the Holm-Sidak
correction. (G) Lymphatic Agp1 deletion prevents weight gain on HFD. Timeline for tamoxifen injections and HFD administration. The dot plot shows percent
weight gain from baseline (week 2) after 3 wk on HFD. Control: AgpI/f, n = 6 mice, and AgpI’ALES, n = 4 mice; HFD: Agp1f n = 4 mice, and AqpI2tEC n = 5 mice;
Welsh’s t test for each diet. Data are shown as the mean + SD. Scale bars: 25 pm.
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levels reflect chylomicron entry from lacteals into circulation,
independent of peripheral metabolism. AqpI'“LEC mice showed
1.6-fold lower plasma TG at 2 h and 4.4-fold lower at 3 h after
gavage (Fig. 2 F), establishing that reduced lipid absorption in
AgpI'*LEC mice results from reduced chylomicron entry into the
lymphatic system rather than altered peripheral metabolism.

To assess chronic consequences of lymphatic Agpl deficiency,
we subjected mice to a high-fat diet (HFD) for 3 wk (Fig. 2 G).
Under a standard diet, body weight was comparable between
control and AgpI"ALEC mice. However, under HFD, AgpI*ALEC mice
exhibited significantly reduced weight gain compared with
controls (Fig. 2 G). This metabolic phenotype is consistent with
reduced chylomicron uptake resulting from shortened lacteal
length. Thus, AQP1 is required for lacteal maintenance and ef-
ficient lipid absorption.

Lacteal AQP1 is induced by microbiota and VEGFR3 signaling
To elucidate the mechanisms regulating Aqpl expression in LECs,
we investigated its expression during early postnatal develop-
ment when lymphatic vessels actively sprout and migrate in a
VEGF-C/VEGFR3-dependent manner to form lacteals (Tammela
et al., 2008; Kim et al., 2007). At postnatal day P1, AQP1 ex-
pression in lacteals was low, sporadic, and predominantly con-
fined to the lacteal base (Fig. 3, A and B). As development
progressed, AQP1 expression extended along the lacteal, with a
marked increase at the tip by P5, resembling the spatial distri-
bution observed in adult mice (Fig. 3, A and B). These findings
suggest that AQP1 expression in LECs is closely linked to post-
natal intestinal maturation, possibly reflecting enhanced func-
tional 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 LYVE1 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.
S3 F), indicating selective effects on AQPI 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 anti-
bodies (mF4-31C1) (Pytowski et al., 2005) to mice at P4, P6, and
P8 and analyzed AQP1 expression at P10 (Fig. 3 E). 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 with
IgG2a-treated controls (Fig. 3 F), while VEGFR3 staining in-
creased, likely due to decreased internalization (Deng et al., 2015).
Collectively, these findings demonstrate that both microbial
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colonization and VEGFR3 signaling contribute to AQP1 expres-
sion in lacteals.

AQP1 enhances VEGF-C-induced LEC migration under

osmotic stress

AQPI1 is enriched at the lacteal tip where osmolarity is nearly
twice that of the normosmotic villus base and undergoes further
fluctuations during nutrient absorption (Hallbick et al., 1991).
To test whether AQP1 enables LEC migration under osmotic stress,
we employed in vitro functional assays using AQPI-overexpressing
cells. We generated AQPI-overexpressing (AQPIE) and control
LECs expressing enhanced blue fluorescent protein (EBFPYE) via
lentiviral transduction (Fig. 4 A). Western blot analysis confirmed
AQP1 overexpression, displaying distinct bands corresponding to
glycosylated and nonglycosylated forms (Denker et al., 1988),
while control cells lacked detectable AQP1 expression (Fig. 4 B).
Immunofluorescence staining showed prominent membrane,
junctional, and cytoplasmic localization of AQP1 in AQPI®F LECs
(Fig. 4 C).

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).
While VEGF-C stimulation promoted sprouting overall, this ef-
fect was significant only in AQPICE cells, which formed signifi-
cantly more sprouts per spheroid than control cells under both
normosmotic and hyperosmotic conditions (Fig. 4, E and F; and
Table S2). Hyperosmotic stress suppressed sprouting in both cell
types relative to normosmotic conditions; however, AQPI1°E LECs
maintained significantly higher sprout numbers and total sprout
length as compared to controls (Fig. 4, F and G; and Table S2).
LECs exposed to hypoosmotic conditions showed a tendency
toward increased sprouting even without VEGF-C, although
AQP1 overexpression did not affect sprouting under these con-
ditions (Fig. S4 A). The number of nuclei per 100 pm sprout
length remained comparable between AQPI®E and control cells
under all conditions (Fig. S4 B), indicating that AQP1 promotes
sprout formation independently of altered proliferation or cell
density within established sprouts.

To examine the cellular composition of sprouts, we quanti-
fied nucleated sprouts (containing =1 nucleus) vs. nuclei-free
protrusions (Fig. S4 C). Under VEGF-C stimulation at normos-
motic conditions, AQPI°F spheroids generated more nucleated
sprouts (Fig. 4 F) without significant differences in total pro-
trusion number (Fig. S4 C). Under hyperosmotic stress with
VEGF-C, both cell types formed similar numbers of protrusions
(Fig. S4 C), but AQPI®E cells generated substantially more sprouts
(Fig. 4 F).

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). AQPIF LECs similarly showed increased sprout
number under hyperosmotic stress (500 mOsm) in the VPT
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Figure3. Postnatal AQP1expression in lacteal LECs is induced by microbiota and VEGFR3 signaling. (A) AQP1 expression emerges postnatally in lacteals.
Staining for AQP1 (magenta) and LYVE1 (green) in lacteals from postnatal days P1-P5. Grayscale images show AQP1 alone. Scale bar: 20 um. (B) Quantification
of AQP1 distribution along the lacteal. One mouse per time point: P1 (n = 53 lacteals), P2 (n = 51 lacteals), P3 (n = 55 lacteals), P4 (n = 5 lacteals), P5 (n = 68
lacteals). (C) Microbiota depletion reduces AQP1 in lacteals. Inmunofluorescence images of lacteals from control and antibiotic-treated mice stained for AQP1
(magenta) and LYVEL (cyan). Scale bar: 25 pum. (D) Quantification of AQP1 intensity per lacteal. Control: n = 5 mice; antibiotic: n = 4 mice; Student’s t test.
(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 the mean = SD.

device without changes in nuclei per sprout (Fig. S4, D and E).
Collectively, our results demonstrate that AQP1 sustains lym-
phangiogenic 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).

Agpl-deficient LECs fail to occupy lacteal tip positions

Having shown that AQP1 promotes LEC migration under hy-
perosmotic stress in vitro, we tested the cell-autonomous AQP1
requirement in vivo. We generated Rosa26-EYFP;AqpI'ALEC mice

Roci et al.
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and administered reduced tamoxifen dosing to achieve mosaic
Cre activation, for simultaneous Aqpl deletion and YFP expres-
sion in LECs (Fig. 4 H), enabling tracking of Agpl-deficient cells. 3
wk after injection, whole-mount staining revealed significantly
fewer YFP* LECs in AqpI'LEC Jacteals compared with controls
(Fig. 4, H and I), indicating depletion of Agpl-deficient cells.
Spatial analysis revealed that this depletion was position-de-
pendent: YFP* cells were enriched at the base (0-20% lacteal
length) and progressively depleted toward the tip (80-100%)
(Fig. 4, ] and K). This spatial exclusion validates our in vitro
finding that AQP1 enables migration under hyperosmotic con-
ditions and explains the shortened lacteal phenotype observed
with tissue-wide deletion (Fig. 4 L).
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AQP1 overexpression in vitro. Western blot analysis of control and AQPIE LEC lysates for the indicated proteins. Representative of n = 2 independent
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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: 25 pm.
(D) Schematic of the spheroid sprouting assay. (E) AQP1 overexpression promotes lymphatic sprouting under osmotic stress. Representative images of F-actin
(gray) and DAPI (red) staining. Spheroid core, nucleated sprouts, and anucleated protrusions are indicated. The full set of data is shown in Fig. S4A (inverted
grayscale). Scale bar: 50 um. (F) Quantification of the sprout number per spheroid. (G) Quantification of the total sprout length per spheroid. (F and G) Mean
sprout number under eight conditions combining cell lines (control or AQP1°F), 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 Agp1 in lacteals. Left: experimental scheme for mosaic deletion analysis. AqpI2-EC;Rosa26-EYFP and control Rosa26-
EYFP mice received reduced tamoxifen (7.5 ug/g) to achieve mosaic deletion. Analysis was performed 3 wk after injection. Right: representative whole-mount
images of control and AqpI™-EC mosaic lacteals. Left: LYVEL (blue), PROX1 (green), YFP (magenta), DAPI (blue). Middle and right: PROX1 and YFP are shown
separately in grayscale. Dotted lines outline lacteal boundaries. Scale bar: 30 um. (1) Decreased proportion of YFP*Prox1* cells in AqpI'2-F€ lacteals. WT: n = 3
mice; AgpILEC: n = 4 mice; Mann-Whitney test. (J) Decreased proportion of YFP* cells at lacteal tips. WT: n = 3 mice; AgpI2-EC: n = 4 mice; Mann-Whitney test.
(K) Spatial distribution of YFP* LECs along the lacteal length. AqpI-deficient cells are enriched at the base (0-20%) and depleted from tip positions (80-100%).
WT: n = 3 mice; AGpI'2EC: n = 4 mice; two-way repeated-measures ANOVA followed by pairwise t tests with the 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 the mean + SD. WT, wild type. Source data are available for this figure: SourceData F4.

AQP1 modulates cytoskeletal dynamics through B-catenin
interaction

Hyperosmotic stress induces cortical actin formation and junc-
tion stabilization as a protective response to prevent mem-
brane 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 facili-
tates LEC migration under these conditions, we examined
cytoskeletal and junctional architecture by F-actin and
B-catenin staining. In control LECs, hyperosmotic stress in-
duced the formation of a cortical actin cytoskeleton and
thin, linear adherens junctions (Fig. 5 A). In contrast, AQPI-
overexpressing LECs maintained overlapping, reticular
adherens junctions reminiscent of junction-associated inter-
mittent lamellipodia (JAIL) (Cao et al., 2017) and displayed
prominent stress fiber formation rather than cortical actin,
even under hyperosmotic stress. These features, character-
istic of actively remodeling endothelium, were already evi-
dent in AQP1-overexpressing LECs under normosmotic conditions
(Fig. 5 A). This pattern was confirmed by quantitative analysis
of F-actin intensity from the cell periphery to the center (Fig. 5
B). AQPI overexpression also increased total B-catenin protein
levels (Fig. 5, A, C, and D), suggesting that AQP1 stabilizes
B-catenin. Proximity ligation assays (PLAs) confirmed AQP1-
B-catenin interaction in situ, with signal significantly enhanced
under hyperosmotic compared with control conditions (Fig. 5,
E and F).

Lymphatic vessels experience estimated physiological hy-
drostatic pressures of 0.3-2.6 mm Hg (Sloas et al., 2016). To test
whether the effects of AQP1 extend to other mechanical stresses,
we examined LEC responses at 2 mm Hg hydrostatic pressure.
AQP1-overexpressing cells showed similar F-actin redistribution
(Fig. S4, F-H), indicating that AQP1 promotes adaptive cyto-
skeletal 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 dy-
namic endothelial remodeling. This cytoskeletal adaptation aligns
with the enhanced sprouting capacity of AQP1 LECs in vitro and in
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vivo, highlighting AQP1 as a regulator of lymphangiogenic re-
sponse 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, cy-
toskeletal 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 AQPI-dependent rescue pathways, we performed RNA-
seq of control and AQPI®® LECs cultured under normosmotic
(300 mOsm) and hyperosmotic (500 mOsm) conditions (Fig. 6
A). In control cells, hyperosmotic stress induced extensive
transcriptional reprogramming, with 1,593 differentially ex-
pressed genes (Fig. 6 B). Upregulated genes included osmotic
stress response factors (e.g., SGKi, NFAT5), proinﬂammatory
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. 6 B). This transcriptional profile reflects a shift from pro-
liferation and biosynthesis toward stress protection, with sup-
pression of cytoskeletal and cell cycle genes that would impair
migration and remodeling capacity. We validated key differen-
tially expressed genes by gPCR, including SGKI (osmotic stress
response), ZFP36L1 (mRNA stability under stress), and PKNI
(cytoskeletal regulation) (Fig. S5 A).

AQP1 overexpression rescued nearly half (46%, 724 genes) of
the osmotic stress-induced transcriptional changes, maintain-
ing their expression near baseline levels even under hyperos-
motic conditions (Fig. 6, D and E; and Table S3). These rescued
genes included multiple pathways involved in cytoskeletal or-
ganization, including actin-binding proteins, focal adhesion
components, and regulators of membrane protrusions (Fig. 6 F).
Together with the cytoskeletal and junctional remodeling data
(Fig. 5), these findings establish that AQP1 enables LEC migra-
tion under osmotic stress through coordinated structural and
transcriptional mechanisms.
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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 (EBFOF) 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 and 500 mOsm. n =
3 independent experiments with 20 cells per experiment; multiple unpaired t tests comparing control vs. AQP1E 300 mOsm at each position for 300 and 500
mOsm separately, with an FDR correction (Q = 5%). Bracket: positions with adjusted P < 0.05 at both osmolarities. (C) Quantification of relative B-catenin area
per cell. n = 3 independent experiments; two-way ANOVA with Sidak’s multiple comparisons 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 PLA in WT, CTNNBIX?, AQP1°, and CTNNB1P
+ AQPI9E LECs under control and hyperosmotic conditions. DAPI (blue), PLA signal (red puncta). (F) Quantification of data shown in E. n = 10 cells per condition,

N w S 01
L L L

500 mOsm

Relative PLA signal
(AQP1 - B-catenin

o
I

§ L) b
300 mOsm 500 mOsm

Roci et al. Journal of Experimental Medicine
AQP1 sustains stress-adaptive lymphangiogenesis https://doi.org/10.1084/jem.20250506

9z0z aunr 0 uo Jasn 8ba 17 ag @1isteniun Ag 4pd 90505202 Wa [/8655€0Z /905052028 /L /€22 /4pd -8 |2 13 1e e [ /610 "ssaidni//:d 11y woly papeo juwoq

10 of 27



representative of two independent experiments; one-way ANOVA with Tukey’s post hoc test. Data are the mean + SD. Scale bar: 20 pm. Source data are

available for this figure: SourceData F5.

AQP1 is induced during inflammatory but not

embryonic lymphangiogenesis

Having established that AQP1 enables LEC migration by allevi-
ating 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 micro-
environments. 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 chal-
lenge experienced by lacteals. We therefore examined
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Figure 6. AQP1 normalizes osmotic stress-induced transcriptional changes. (A) Experimental scheme for 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 1,593 differentially

expressed genes (adjusted P <0.05, |log2 fold change| >0.6). Selected genes are labeled. (C) Volcano plot showing differential gene expression between AQP19

LECs at 300 mOsm and control LECs at 300 mOsm (AQP1E 300 vs. control 300). (D) Heatmap showing scaled expression of 1,593 genes that are differentially
expressed under osmotic stress and rescued by AQP1 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 AQP1°F

LECs and control LECs at 500 mOsm (adjusted P <0.05). (E) AQP1 partially normalizes osmotic stress-induced transcriptional response. Of 1,593 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: AQPIF 500 vs. Ctrl 300 mOsm. The circle size indicates significance

(p-adjusted); the color indicates log, fold change.
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PIK3CA-driven lymphatic malformations, inflamed LNs, and
secondary lymphedema.

Activating mutations in PIK3CA underlie development of lym-
phatic 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 (Méakinen
et al., 2001). Abnormal dermal lymphatic vascular growth in
Pik3cal1947R 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 Agpl-high
lacteals share transcriptional similarities with Ptx3-high dermal
capillary LECs (Fig. 1 H), we examined Aqpl expression in dermal
LECs from Pik3cat!°4’R mice. Reanalysis of scRNA-seq data from
the dermal LECs of Pik3cat!°47R; Cdh5-CreERT2 mice (Petkova
et al., 2023) revealed that Ptx3* capillary LECs in mutants ex-
hibited a higher proportion of cells in the highest Aqpl expression
quartile compared with other capillary populations (Fig. 7 A). At
the protein level, AQP1 was absent in lymphatic vessels of control
ears but markedly increased in hypersprouting VEGFR3* LECs of
mutant Pik3ca®947R; Vegfr3-CreERT2 mice (Fig. 7 B). Similarly,
medullary sinus LECs in normal and inflamed LN, which share
the Ptx3* gene signature (Xiang et al., 2020) (Fig. 1 H), showed
prominent AQP1 expression (Fig. 7 C and Fig. S5 B), whereas
subcapsular sinus LECs showed low or undetectable AQP1 under
control and inflammatory conditions (Fig. S5, B and C).

To determine whether AQPI1 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 irra-
diation of the inguinal region with surgical ablation of the in-
guinal LN, followed by ligation of surrounding lymphatic
vessels. This procedure results in impaired lymphatic drainage,
vessel dilation, and remodeling, tissue fibrosis, and inflamma-
tion (Buntinx et al., 2022; Rockson et al., 2019). Lymphatic injury
triggers an inflammatory response, involving macrophages, T
helper and CD8* T cells, neutrophils, and proinflammatory cy-
tokines and lipids, such as TNFa and LTB,, which drive acute
and chronic inflammation (Bowman and Rockson, 2024). Lym-
phedematous skin showed a significant increase in CSFIR*
macrophages (Ghanta et al., 2015) and CD4" T cells (Zampell
et al.,, 2012) compared with controls (Fig. S5 D). Similar to
lymphedematous skin, CSFIR* macrophages were abundant in
the intestinal villi, where they were in direct contact with AQP1*
lacteals (Fig. S5 E). 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 sam-
ples (Fig. 7 D) were thin, collapsed, and AQP1-negative. AQP1-high
and AQPl-low areas were detected within the same lymphatic
vessel, suggesting local cues drive AQP1 expression (Fig. 7 D and
Fig. S5 F). Additionally, uniform AQP1 upregulation was observed
in EMCN* blood vessels within lymphedema tissues (Fig. S5 G). To
address the potential function of lymphatic AQP1 in lymphedema,
we analyzed the correlation between its expression and LEC
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proliferation. Immunostaining for AQP1, PROX], 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. 7 E). Importantly, the
proportion of proliferating Ki67* cells was significantly higher in
AQP1* LECs compared with AQP1- population, suggesting that
AQPI may be important for lymphatic vessel remodeling under
inflammatory conditions.

The consistent AQP1 induction across postnatal pathological
contexts, all characterized by inflammatory remodeling and el-
evated tissue osmolarity (Bowman and Rockson, 2024; Jantsch
et al., 2015), raised the question of whether AQPI is also ex-
pressed during embryonic lymphangiogenesis, which proceeds
through VEGF-C/VEGFR3 signaling but lacks inflammatory and
osmotic stresses (Hallbick 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. 8 A).
Similarly, embryonic LNs (E17.5-E18.5) showed no AQP1 ex-
pression in developing LYVE1*PROX1* LECs despite active
lymphangiogenesis (Fig. 8 B). Collectively, our findings in lym-
phatic malformations, secondary lymphedema, and inflamed
LNs demonstrate that AQP1 expression is induced during
proinflammatory postnatal lymphatic remodeling but not dur-
ing embryonic lymphangiogenesis.

AQP1 facilitates postnatal compensatory lymphangiogenesis
The absence of AQP1 during embryonic lymphangiogenesis, de-
spite active VEGF-C/VEGFR3 signaling, raised the question of
whether AQP1 is merely associated with inflammatory contexts or
functionally required for stress-adaptive remodeling. To address
this, we used the Foxc2'**> model, which recapitulates lymphe-
dema-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 and
immune cells in surrounding tissues (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 (Gonzélez-Loyola et al., 2021) (Fig. 8
C), mirroring our findings in secondary lymphedema, inflamed
LN, and lymphatic malformations. In contrast, in E18.5 Foxc2'eck
embryos, mesenteric lymphatic vessels showed no AQP1 expres-
sion despite active remodeling (Fig. 8 D).

We observed that lymphatic valve degeneration was fre-
quently associated with both marked AQP1 induction at valve
sinuses and sprouting at the site of disappearing valves, indi-
cating the formation of a compensatory collateral lymphatic
network (Sabine et al., 2015) (Fig. 8 E). To determine whether
AQP1 plays a functional role in this process, we generated Aqpl;
Foxc2'** double knockout mice. Agpl deletion significantly re-
duced collateral sprout formation by ~40% compared with
control Foxc2'¢*° mice (Fig. 8, D-F). This demonstrates that AQP1
functionally contributes to postnatal pathological lymphatic re-
modeling, although the absence of direct tissue osmolarity
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Figure 7. AQP1is induced during inflammatory lymphangiogenesis. (A) Number of cells that express varying levels of Agp1 in dermal LEC subpopulations
from control and Pik3ca"°4’R mouse single-cell RNA sequencing (scRNA-seq) data reanalyzed 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"047% mice. Left: whole-mount ear staining
(control and Pik3ca"'1947F) for AQP1 (red), VEGFR3 (green), and CD31 (blue). Grayscale images show individual channels. Scale bar: 50 pum. Right: quantification of
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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 AQP1 (magenta), LYVE1 (green), PROX1 (cyan), and DAPI (blue). Grayscale images show AQP1 alone and AQP1 within LYVE1 mask.
Scale bar: 50 um. (D) AQP1is upregulated in the secondary 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 AQPL. Scale bar: 100 um. The dot plot quantifies the
percentage of the 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, PROX1* Ki67- cells; dashed
lines outline lymphatic vessels. Scale bar: 50 um. The left dot plot shows the percentage of PROX1* cells that are Ki67* (n = 4 mice). The right dot plot shows
Ki67* PROX1* cells in LD tissues. Data are shown as the mean + SD; differences were assessed using Student’s t test. LD, lymphedema.

measurements represents a limitation that should be addressed
in future work. These findings establish a model in which AQP1
is dispensable for developmental lymphangiogenesis but be-
comes essential when LECs must migrate and remodel within
hyperosmotic inflammatory microenvironments (Fig. 9). Pre-
vious 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 cyto-
skeletal architecture, enabling LECs to overcome the inhibitory
effects of hyperosmotic stress on migration.

Discussion

We identified the water channel AQP1 as a functionally signifi-
cant marker of lacteal LECs, required for lacteal maintenance
and efficient dietary lipid absorption. Lacteal LECs display a
transcriptional signature resembling Ptx3* immune-interacting
LECs, with Agpl as a core component of this program. Extending
beyond the intestine, we show that AQPI is induced during in-
flammatory lymphatic remodeling in lymphatic malformations,
LNs, and lymphedema but absent during embryonic lym-
phangiogenesis, distinguishing postnatal stress-adaptive from
developmental lymphatic responses.

In scRNA-seq analysis of intestinal LECs, we identified three
subpopulations of murine intestinal LECs, including lacteal, S/S,
and IFN subtypes, defined by characterizing markers and AQP1
expression as a specialized lacteal adaptation. Comparison of
intestinal LECs with LECs from other organs sheds new light on
lacteal LECs, demonstrating their similarity to Ptx3* inflamma-
tory LECs, while S/S LECs bear transcriptional traits character-
istic of precollector 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 (Hallbéck 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, Aqpl deletion in LECs caused lacteal short-
ening 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 in-
tegrity, by facilitating LEC migration through volume regulation
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necessary for protrusion formation (Saadoun et al., 2005;
Papadopoulos et al., 2008; Karlsson et al., 2013). Supporting this
notion, the overexpression of AQP!I enhanced LEC migration in a
spheroid sprouting assay under hyperosmotic conditions in the
presence of VEGF-C. Lacteal shortening and reduced fat absorp-
tion in AgpIiALEC likely explain attenuated weight gain on HFD.
While the fate of unabsorbed lipids and broader metabolic adap-
tations remain to be characterized, the metabolic phenotype of
AqpI'“LEC mice resembled that of mice with germline Agpl deletion,
which also display reduced weight gain on a HFD and decreased
serum TGs, 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 BECs 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 junc-
tions, a protective response that restricts motility (Di Ciano etal.,
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 prom-
igratory transcriptional programs. Indeed, transcriptional pro-
filing revealed that AQP1 rescues a substantial fraction of osmotic
stress-suppressed genes, particularly those governing cytoskele-
tal 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: Agpl-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 lac-
teals, with intensity increasing after birth, peaking at the lacteal
tip around P5, and persisting into adulthood. This timing co-
incides 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. Con-
currently, 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 neo-
nates, expand dramatically over the next 12 days to reside pre-
dominantly near capillaries, with occasional presence in the
submucosa (Cecchini et al., 1994). Increased macrophage density
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Figure 8. AQP1 is dispensable for embryonic but required
for stress-adaptive postnatal lymphangiogenesis. (A) AQP1
is not expressed during embryonic lymphangiogenesis. Whole-
mount staining of E16.5 skin stained for CD31 (magenta),
VEGFR3 (yellow), AQP1 (green); grayscale images show indi-
vidual markers. Scale bar: 100 um. (B) AQP1 is absent in em-
bryonic LN LECs. E17.5 LN sections stained for AQP1 (magenta),
LYVE1 (green), PROX1 (cyan), and DAPI (blue); grayscale images
show AQP1 alone and AQP1 masked by LYVEI staining. Scale
bar: 50 um. (C) AQP1 is induced in lymphatic valve sinuses of
postnatal Foxc2'e® mice. Left panels: immunofluorescence
staining for PROX1 (cyan), LYVE1 (yellow), AQP1 (red), and DAPI
(blue). Right panels show AQP1 alone (grayscale). Yellow dotted
lines outline lymphatic vessels. Scale bar: 25 um. (D) AQP1 s not
expressed in embryonic lymphatic vessels in the model of
lymphedema-distichiasis Foxc2'¢®° mice. E18.5 mesenteric
lymphatic vessels from WT and Foxc2!**ke embryos stained for
PROX1 (red), FOXC2 (yellow), AQP1 (cyan), and DAPI (blue).
Right: AQP1 staining alone (grayscale). Yellow dotted lines
outline lymphatic vessels (LV); green dotted lines outline BVs.
Scale bar: 25 pm. (E) Loss of Agpl reduces formation of collat-
erals in AgpL;Foxc2k> mice. Staining for PROX1 (purple) and
CD31 (white). Yellow dotted lines outline lymphatic vessels; red
dotted lines mark sprouts from collecting vessels. (F) Quanti-
fication of valves with sprouts. WT: n = 15 mice; Foxc2l¢ko:n = 6
mice; Agpl;Foxc2'ko, n = 7 mice. Data are the mean + SD. One-
way ANOVA with unpaired t tests. BVs, blood vessels.
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Figure 9. Model: AQP1 facilitates lymphangio-
genic response in hyperosmotic inflammatory

HypemSOtiC environments. (A) AQP1 expression marks stress-
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parallels lacteal growth, underscoring how immune-derived
VEGF-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 develop-
ment 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, the ab-
sence 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.
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To further contextualize our findings, lacteal LECs showed
highest similarity with the Ptx3* LEC subset, with elevated ex-
pression of Ptx3, Itih5, and Mrcl (Table S1), genes associated with
immune cell interactions. Specifically, MRC1 binds CD44* lym-
phocytes (Salmi et al., 2013), PTX3 increases responses to in-
flammatory signals (Garlanda et al., 2005), and ITIHS5 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. S5 D)
(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 LN,
Ptx3* LECs populate the medullary sinus, a region rich in F4/80*
macrophages (Louie and Liao, 2019) and dense with lympho-
cyte-macrophage clusters following immunization (Friess, 1977).
These similarities suggest that local immune cues and tissue-
specific signals shape specialized LEC states adapted to distinct
tissue environments.
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The similarity to immune-interacting LECs, together with
our previous finding that AQP1 is strongly induced in mesenteric
LECs in hereditary lymphedema-distichiasis (Gonzélez-Loyola
et al., 2021), led us to explore the role of AQPI in inflammatory
conditions more broadly. Here, we show that AQP1 is markedly
induced in LECs in secondary lymphedema, lymphatic malfor-
mations driven by hyperactive PI3K signaling (Pik3cal*4’R), and
immunized LNs. During inflammatory lymphangiogenesis,
macrophages secrete lymphangiogenic factors such as VEGF-C
(Cursiefen et al., 2004; Kataru et al., 2009), potentially pro-
moting both lymphatic vessel proliferation and AQP1 upregula-
tion. 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 lym-
phatic malformations. In contrast, embryonic dermal lym-
phangiogenic 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'ek
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, pro-
viding both VEGF-C and inflammatory cues that induce AQPI.
Consistent with this, the AQP1 protein was not detected in normal
dermal LECs, despite the presence of Agpl transcripts, possibly
due to additional posttranscriptional mechanisms that regulate
AQP1 protein stability. Indeed, osmolarity rises in lymphedema
(Karlsen et al., 2006), and concurrent AQP1 induction may ac-
commodate rapid water flux and enhanced cell migration. The
functional requirement for AQPI in the Foxc2"*° lymphedema
model, where its deletion reduces compensatory collateral, in-
dicates 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 mecha-
nisms exist, yet AQP1 clearly provides an adaptive advantage
under pathological stress. Direct measurement of tissue osmo-
larity in the pathological contexts examined remains a study
limitation; the documented inflammation and impaired lymphatic
drainage in these models nonetheless point to osmotically chal-
lenging microenvironments.

Collectively, our findings establish AQP1 as a marker of ac-
tively remodeling postnatal LECs within inflammatory micro-
environments (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 elevat-
ing 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 lymph-
edema, chronic inflammation combined with impaired lymphatic
drainage elevates osmolarity to levels that prevent regenerative
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lymphangiogenesis, even in the presence of abundant VEGF-C.
Under these conditions, AQP1 enables LECs to overcome this os-
motic barrier. These insights suggest therapeutic opportunities:
enhancing AQP1 function or reducing pathological tissue osmo-
larity may improve lymphatic regeneration in lymphedema, while
in hyperproliferative conditions such as lymphatic malformations,
AQP1 inhibition could be evaluated as an additional treatment
option.

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 Uni-
versity of Liége (Belgium). Mice were on a C57BL/6] background
and were maintained under specific pathogen-free conditions
with a 12-h 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 wk.
Littermate controls were used for all experiments.

Generation of inducible Aqp1 knockout mice

To generate tamoxifen-inducible, LEC-specific Aqpl knockout
mice (AgpI'2LEC), Agpl/f mice (Zhang et al., 2016) were crossed
with Proxl-CreERT2 (Bazigou et al., 2011) mice. To induce Agpl
deletion, tamoxifen (T5648, Sigma-Aldrich) was dissolved by
sequentially adding 100% ethanol, Kolliphor EL (Cat# C5135;
Sigma-Aldrich), and phosphate-buffered 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 Agp1/f
and AgpI'*LEC 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 Aqpl/fl; ProxI-CreERT2
mice to generate Rosa26-EYFP; AqpI*LEC mice. To achieve sparse
Cre recombination and simultaneous YFP expression in indi-
vidual LECs, a single low-dose tamoxifen injection (7.5 pg/g body
weight) was administered intraperitoneally at 8 wk of age. Mice
were sacrificed 3 wk after injection.

Foxc2-deficient lymphatic models

Foxc2/fl mice were crossed with Proxl-CreERT2 mice to generate
Foxc2'e® (Foxc2f/fl;Prox1-CreERT2) mice (Gonzélez-Loyola et al.,
2021). To generate Aqplf;Foxc2/;Prox1-CreERT2, Aqpl/f mice
were crossed with Foxc2'**® mice. For analysis of AQP1 expres-
sion in embryonic Foxc2-deficient lymphatics, pregnant Foxc2//!
dams crossed with Foxc2'**° male mice were injected subcuta-
neously 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 AqpL;Foxc2
double knockout mice, a single dose of tamoxifen (62.5 pl from
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2 mg/ml stock, 125 pg total) was administered intraperitoneally
at P4, and mice were analyzed at P8. For AQP1 induction in adult
Foxc2'e®*° mice, tamoxifen was administered intraperitoneally at
50 ug/g body weight three times every other day starting at 5 wk
of age, as described above. Mice were analyzed at 22 wk of age.

R26-Pik3catl0%7R; Vegfr3-CreERT2 mice were generated by
crossing of R26-Pik3ca®¥R (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, 50 pg of 4-hydroxytamoxifen dis-
solved in acetone was applied topically to the ear of 3-wk-old
mice. Mice were sacrificed 3 wk later, and the dorsal ear skin
was dissected from underlying cartilage and fixed in 4% para-
formaldehyde (PFA) in PBS for 2 h at room temperature. The
tissue was subsequently washed twice with PBS before pro-
ceeding to immunostaining.

Secondary lymphedema model

The hindlimb lymphedema model combined local irradiation
and surgical intervention as previously described (Buntinx etal.,
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 di-
rection. The left limb was irradiated for 317 s on the ventral side and
an additional 317 s on the dorsal side. 1 wk later, surgery was per-
formed 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-step surgery: (1) a circumfer-
ential skin incision at the inguinal level, (2) excision of the inguinal
and popliteal LNs, and (3) ligation of collecting lymphatic vessels
parallel to the ischial vein with three separate 7/0 nonabsorbable
polypropylene sutures under a 10x binocular magnifier. Finally, the
skin was sutured with 5/0 nonabsorbable silk stitches.

Antibiotic treatment

Wild-type (Agp1/) and AgpI“LEC mice were cohoused from
weaning to minimize microbiota differences. 3 wk after ta-
moxifen administration, adult mice were treated with a broad-
spectrum antibiotic cocktail in their drinking water for 4 wk.
The treatment consisted of enrofloxacin (2.5 mg/ml; Baytril 10%,
Bayer) for the first 2 wk, followed by amoxicillin (0.8 mg/ml)
and clavulanic acid (0.114 mg/ml; Co-Amoxi-Mepha, Mepha) for
the subsequent 2 wk (Gonzalez-Loyola et al., 2021). Control mice
received regular drinking water.

High fat diet feeding

After inducing Agpl deletion with tamoxifen over a 2-wk
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
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(NCD; D12450Bi, Research Diets: 10 kcal% fat, 20 kcal% protein,
70 kcal% carbohydrate) for 3 wk. Mice were randomly assigned
to either the HFD or NCD group, and diets were provided ad li-
bitum. Body weights were recorded weekly.

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
a dose of 40 ug/g body weight using a 30-G needle. Tissues were
harvested on P10 for analysis.

Lipid absorption assay

Mice were fasted for 6 h and then orally gavaged with olive oil
(O1514; Sigma-Aldrich) at a dose of 10 pl/g body weight using a
20 G, 60-mm gavage needle. Blood samples were collected from
the tail vein at baseline (0 h) and at 1, 2, and 3 h after gavage into
lithium heparin-coated tubes (Microvette CB 300 Hep-Lithium;
Sarstedt). Samples were kept on ice for 30 min and centrifuged
at 14,000 x g for 15 min at 4°C to obtain plasma, which was stored
at -80°C until analysis. Plasma TG levels were measured on di-
luted samples (1:1 plasma-to-diluent ratio) using the Dimension
Xpand Plus system (Siemens Healthcare Diagnostics AG) ac-
cording to the manufacturer’s protocol for TG measurement
(DF69A; Siemens Healthcare).

For experiments with the lipoprotein lipase inhibitor, mice
received intraperitoneal injection of Tyloxapol (HY-B1068-1G;
Lucerna-Chem, at 500 mg/kg body weight) 30 min before oral
gavage, followed by the olive oil gavage protocol and blood
sampling as described above.

LN analyses

Embryonic (E17.5-E18.5) and young adult male (9 wk) inguinal
LNs were used for control stainings. For immunization, 16- to 17-
wk-old females were injected with oligodeoxynucleotides CpG
(Microsynth) and keyhole limpet hemocyanin (10 pg each in
10 pl) into the footpads. On day 7, mice were sacrificed, and
inguinal LNs were harvested and processed for cryosections.

Isolation and FACS of mouse intestinal LECs

Tissue processing

Small intestinal segments (excluding the duodenum) were col-
lected 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 pM HEPES
for 15-20 min, briefly vortexed, rinsed in HBSS until the su-
pernatant 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 min at 37°C, 180 rpm. Every 20 min,
tissues were pipetted up and down to promote dissociation; the
resulting supernatant was passed through a 70-um strainer into
10 ml cold HBSS with 10% fetal bovine serum (FBS). The re-
maining tissue fragments were returned to fresh digestion me-
dium. After three rounds of digestion, cell suspensions were
centrifuged at 1200 rpm for 5 min at 4°C.
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For scRNA-seq experiments, we obtained intestinal tissues
from three female and two male C57BL/6 mice (9-10 wk old),
whereas for qPCR analyses, we utilized samples from three
Agp1/fl and three AqpI'’ALE€ mice.

Cell staining and FACS

Cells were resuspended in PBS containing 5% FBS and incubated
with anti-CD16/32 (2.4G2) hybridoma supernatant to block
nonspecific 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 RedDot1 were added for
5 min at room temperature to exclude dead cells and debris. LECs
were gated as DAPI~ RedDot* CD45~ CD31* PDPN* cells. For gPCR
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.

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, and 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 di-
gestion 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-min incubations with magnetic stirring. The cell
suspension was filtered through a 200-pm metal sieve, and cells
were seeded on fibronectin-coated flasks (5 pg/cm? Roche;
10838039001) at 1 x 10 cells/cm? Contaminating fibroblasts
were depleted by negative selection using magnetic-activated
cell sorting with anti-human CD44 antibody (clone F10-44-2,
9400-01; Southern Biotech) coupled to sheep anti-mouse IgG-
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 EC, 111.55D; Dynal/Thermo Fisher Scientific) and replated
on fibronectin-coated flasks in EC Growth Basal Medium-
2 (EBM-2) (CC-3156; Lonza) supplemented with growth factors
(EGM-2 SingleQuots Kit, CC-4176; Lonza) and 1% FBS at 37°C in a
humidified atmosphere with 5% CO,.

Human dermal LECs (P10862, Lot#2841959; Innoprot) were
cultured in VascuLife VEGF-MV Microvascular EC Growth Me-
dium (LL-0005; Cell Systems) at 37°C in a humidified atmos-
phere with 5% CO,.

Intestinal LECs were used for AQP1 overexpression and
CTNNB1 knockdown, spheroid sprouting assays, and PLAs.
Dermal LECs were used for AQP1 overexpression, VPT assays,
bulk RNA barcoding and sequencing (BRB-seq), B-catenin im-
munofluorescence staining, and F-actin distribution analysis.
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Generation of AQP1-overexpressing LECs

Cells were transduced with lentiviral particles containing hu-
man AQPI cDNA under the EFla promoter (pLV[Exp]-Puro-
EFIA>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% con-
fluency, they were first starved for FBS and growth factors for 2 h,
then incubated overnight with lentivirus at a multiplicity of in-
fection 15. The virus-containing medium was replaced with
complete medium the following day. Stable cell lines were se-
lected using puromycin (350 ng/ml; P7255; Sigma-Aldrich) for
3-5 days. Transduction efficiency of AQPI was confirmed by
fluorescence microscopy and western blot.

CTNNB1 knockdown by siRNA transfection

LECs were seeded on fibronectin-coated coverslips, allowed to
attach overnight, and transfected with 30 nM CTNNBI-targeting
siRNA (Stealth RNAi CTNNBI, VHS50822; Thermo Fisher Sci-
entific) or scrambled control siRNA using Lipofectamine RNAi-
MAX (Thermo Fisher Scientific) in Opti-MEM (Thermo Fisher
Scientific) according to the manufacturer’s instructions. The
transfection mix was prepared by combining siRNA and Lipo
fectamine RNAIMAX in Opti-MEM, incubating for 20 min at
room temperature, then adding to cells in EBM-2 without anti-
biotics. 6 h after transfection, the medium was replaced with
complete EBM-2. Knockdown efficiency was validated by west-
ern blot analysis 48 h after 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,; S1876; Sigma-Aldrich) to EBM-
2 complete medium, increasing the osmolality by 200 mOsm/kg
to achieve final osmolality of ~500 mOsm/kg, and approximat-
ing the osmotic conditions at the villus tip during nutrient ab-
sorption (Hallbdck et al., 1991). Hypoosmotic medium was
prepared by 30% dilution of complete EBM-2 with sterile distilled
water.

Hydrostatic pressure experiments

LEC responses to mechanical stress were assessed by subjecting
cells to hydrostatic pressure using a custom-built pressure bio-
reactor 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 mm Hg, a value consistent with
physiological pressure in lymphatic vessels due to gravity (Sloas
et al., 2016). LEC monolayers were subjected to pressure stimu-
lation for 24 h at 37°C with 5% CO,, with 0 mm Hg (atmospheric
pressure) serving as a control. Following pressure treatment, cells
were either extracted for RNA to assess AQPI levels or fixed and
processed for immunofluorescence staining as described in the
Immunofluorescence microscopy section.

Western blot analysis
Cells (control EBFPYF and AQPI®F) were lysed in Radioimmuno-
precipitation assay (RIPA) buffer with protease inhibitors, and
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protein concentration was determined by the BCA assay. Equal
amounts of protein (10 pg) were separated by SDS-PAGE (4-15%
Mini-PROTEAN TGX Precast Protein Gels, 15-well, 15 pl,
4561086; Bio-Rad) and transferred to polyvinylidene difluoride
(PVDF) membranes using Fast Blotter (Thermo Fisher Scientific
Pierce G2). Membranes were blocked with 5% bovine serum
albumin (BSA) in Tris-buffered saline with Tween-20 (TBST) for
1 h at RT, then incubated with primary antibodies against
B-catenin (610154; BD Biosciences; 1:1,000) or histone H3 (9715;
Cell Signaling Technologies) overnight at 4°C. After washing,
membranes were incubated with HRP-conjugated goat anti-
rabbit IgG (P0448; Dako; 1:10,000) for 1 h at room tempera-
ture. Protein bands were visualized using SuperSignal West
Femto Maximum Sensitivity Substrate (34096; Thermo Fisher
Scientific). Band intensities were quantified using Image]/Fiji.
[-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 [M7027; Sigma-Aldrich] in Medium 199 with
GlutaMAX). Aliquots of 100 pl were dispensed into each well of
non-tissue culture-treated 96-well round-bottom plates and
incubated overnight at 37°C with 5% CO, to form spheroids.

Fibrin gel embedding and culture. After 20 h, 5-7 spheroids
were collected and mixed in a fibrin gel composed of 2.5 mg/ml
fibrinogen (F8630; Sigma-Aldrich) in EBM-2 complete medium,
supplemented with aprotinin (final concentration 0.1 U/ml;
Al153; Sigma-Aldrich) and either BSA or VEGF-C at 100 ng/ml.
Gelation was initiated by adding 30 pl thrombin (final concen-
tration 0.625 U/ml; T9549; Sigma-Aldrich) to the spheroid-fi-
brinogen mixture (570 ul) in prewarmed 24-well plates. The
mixture was gently mixed and incubated for 10-15 min at room
temperature and 37°C for 45 min. After gel formation, 600 pl of
EBM-2 with 30,000 human intestinal fibroblasts was added per
well, and plates were incubated for 48 h 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 hy-
poosmotic conditions were established by adjusting the osmo-
lality of the added culture medium (600 pl) as described in the
Osmotic stress treatments section above.

Staining, imaging, and analysis. After 48 h, spheroids were
fixed with 4% PFA for 15 min, permeabilized with 0.3% Triton
X-100in PBS for 10 min, and stained with Alexa Fluor 488 phal-
loidin (1:400; Invitrogen) and Hoechst dye (1 ug/ml; Sigma-Al-
drich) 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 Image] by measuring the distance
from the spheroid core edge to the sprout tip. For each replicate,
the mean sprout length was calculated from 3 to 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
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control condition (EBFPE, normosmotic, BSA-treated). For de-
tailed morphological analysis, sprouting responses were cate-
gorized into nucleated sprouts (containing >1 nucleus, indicating
cellular migration) and anucleated protrusions (membrane ex-
tensions 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-pum 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 was 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 sphe-
roid core.

VPT sprouting assay

To validate sprouting responses in the presence of interstitial
flow, we used VPT devices as described (Jung et al., 2024). Mi-
croscale fluid patterning within the microfluidic devices was
initiated immediately following air plasma treatment, proceed-
ing 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 fi-
brinogen (10 mg/ml, F4883; Sigma-Aldrich) was supplemented
with aprotinin (0.1 U/ml, A1153; Sigma-Aldrich) at a 25:4 (vol/
vol) ratio to prevent proteolytic degradation during culture. For
channel C, 2.0 pl of an acellular fibrinogen and thrombin
(605195; Sigma-Aldrich) mixture was introduced, yielding a fi-
nal fibrinogen concentration of 5 mg/ml. The hydrogel was al-
lowed to polymerize for 13 min prior to patterning channel S.
Channel S was subsequently patterned along the inner edge with
7.5 pl of a cellular fibrinogen-thrombin mixture containing
human fibroblasts (6 x 10° cells/ml) at a final fibrinogen con-
centration of 2.5 mg/ml. For channel O, 30 pl of a cell suspension
(control EBFPOE or AQPIF human dermal LECs, 30,000 cells per
device) was injected through the inlet to promote cell attach-
ment at the hydrogel interface. Culture medium was then added
with final volumes of up to 200 and 140 pl per reservoir on the
channel S and channel O sides, respectively. Hydrostatic pres-
sure-driven flow was established by maintaining a medium
height difference between opposing reservoirs. Devices were
cultured for 48 h under either normosmotic (300 mOsm) or
hyperosmotic (500 mOsm) conditions. Following culture, sam-
ples were fixed in 4% PFA for 30 min and stained with phalloidin
and Hoechst. Confocal microscopy was used for image acquisi-
tion, and sprout number, sprout length, and nuclei per sprout
were quantified from three independent experiments (n = 3).

PLA

PLA was performed according to the manufacturer’s protocol
(Duolink PLA, DU092008; Sigma-Aldrich). Intestinal LECs were
seeded on glass coverslips in 24-well plates and cultured in
normosmotic (300 mOsm) or hyperosmotic (500 mOsm) me-
dium for 48 h. Cells were fixed with 4% PFA in PBS containing
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0.1% CaCl, and 0.05% MgCl, for 15 min at room temperature,
permeabilized with 0.1% Triton X-100 in PBS for 10 min, and
blocked with 0.5% BSA and 0.1% Triton X-100 in PBS for 1 h at
room temperature.

Cells were incubated overnight at 4°C with primary anti-
bodies against AQP1 (AB3272; Sigma-Aldrich) and B-catenin
(610154; BD Biosciences). After washing with PBS, PLA probes
anti-rabbit Minus (DU092005; Sigma-Aldrich) and anti-mouse
Plus (DU092003; Sigma-Aldrich) 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 anti-
bodies 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 min. Coverslips were
washed and mounted using Duolink In Situ Mounting Medium
with DAPI (DUO82040; Sigma-Aldrich). 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 ImageJ/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 quantitative real-time PCR
Total RNA was isolated using RNeasy Micro Kit (74034; Qiagen).
The concentration and quality of the isolated RNA were assessed
using Agilent 2100 Bioanalyzer. For samples with low RNA input
from FACS-sorted LECs, mRNA was amplified using Ovation
Pico WTA System V2 (NuGEN) prior to cDNA synthesis. Reverse
transcription was performed using Transcriptor First Strand
cDNA Synthesis Kit (04379012001; Roche Diagnostics).
Quantitative real-time PCR analyses were conducted using
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
Aqp1 deletion in intestinal LECs, primers flanking exons 2 and 3 of
the Agpl gene (Zhang et al., 2016) (Table S4) were employed to
confirm the deletion of this region in tamoxifen-induced AgpI'ALEC
samples. For validation of bulk RNA-seq results, gene-specific
primers targeting SGKI1, ZFP36L1, and PKN1 were used (Table
S4). The housekeeping genes 18S or RPL27 were used as an in-
ternal control, and results were presented as relative expression
levels normalized to control samples using the 2-22¢t method.

BRB-seq analysis

Experimental design and sample preparation

Human dermal LECs were transduced with lentiviral vectors
expressing either EBFP (control) or human AQPI (AQPICE). Cells
were cultured under normosmotic (300 mOsm) or hyperosmotic
(500 mOsm) conditions for 8 h prior to harvest, washed twice
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with PBS, and harvested for RNA isolation. Two biological rep-
licates were prepared per condition.

RNA isolation and quality control

Total RNA was isolated using RNeasy Mini Kit (74104; Qiagen)
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 prepared libraries and sequenced samples
using highly multiplexed 3'-end BRB-seq (MERCURIUS BRB-seq
service) (Alpern et al., 2019). BRB-seq libraries were generated
using MERCURIUS BRB-seq Library Preparation Kit for Illumina
(v5D barcode set for 96 samples, 10813; Alithea Genomics) fol-
lowing the manufacturer’s protocol and sequenced on an AVITI
sequencing platform in paired-end mode (Element Biosciences).

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 parame-
ters “--soloUMIdedup NoDedup,” “1 MM_Directional” and “--
quantMode GeneCounts” to generate count matrices of both
raw reads and reads deduplicated using Unique Molecular
Identifiers (UMI).

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 <0.05 and |log2 fold change| >0.6 were considered
differentially expressed.

Definition of rescued genes

Genes dysregulated by hyperosmotic stress (500 vs. 300 mOsm
in EBFP control cells) that showed restored expression upon
AQPI overexpression under hyperosmotic conditions were de-
fined 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 con-
trol cells, and (2) their expression in AQPIE cells under hyper-
osmotic 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 transcriptomics analysis

ScRNA-seq library preparation, sequencing, and preprocessing
Sorted LECs (~10,000 cells per sample) were loaded into Chro-
mium Controller (10x Genomics) using the Single Cell 3’ Library
& Gel Bead Kit v3. Libraries were prepared following the man-
ufacturer’s protocol. Paired-end sequencing was performed on
Ilumina HiSeq 2500 (150 cycles) and Illumina NovaSeq 6000
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(100 cycles) devices at the Lausanne Genomics Technology Fa-
cility to achieve a depth of at least 50,000 reads per cell. Raw
sequencing reads were aligned to the mm10 mouse reference
genome (v. mm10-3.1-0 of the transcriptome reference provided
by 10x Genomics), a 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) were integrated with three
publicly available datasets (samples 6-8, Table S1). Raw count ma-
trices 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, fol-
lowed 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 (FItI-, Pecaml*, Proxl*, and Flt4*). 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 neighbors as
input parameters (Hao et al., 2021; Stuart et al., 2019).

Unsupervised clustering and visualization

Dimensionality reduction was performed using principal com-
ponent analysis (PCA) on the top 2,000 variable genes, followed
by UMAP for visualization, using 25 principal components as
input. Clustering was achieved using a shared nearest neighbor
and Louvain modularity optimization-based clustering algo-
rithm, with 25 principal components, 20 nearest neighbors, 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 with
all other cells was assessed using the FindAllMarkers function of
the Seurat package, which implements a Wilcoxon rank-sum
test with the Bonferroni correction for multiple comparisons.
Genes with adjusted P <0.05 were considered significantly dif-
ferentially expressed. Visualization tools within Seurat, such as
dot plots and violin plots, were used to display gene expression
patterns. Overrepresentation analysis of GO biological process
terms was performed by separating the significantly up- and
downregulated genes in each cluster with the enrichGO function
of the clusterProfiler package v4.2.2 (Ashburner et al., 2000; Yu
etal., 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 calcu-
lated 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 LN. To this end, we obtained transcriptomics data
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from the respective organs. For each mesenteric (Gonzélez-
Loyola et al., 2021) or dermal LEC subtype (Petkova et al.,
2023), the FindAllMarkers function was used to define a signa-
ture consisting of 50 marker genes upregulated in each LEC
subtype. For LN LEC gene signatures, we used the marker genes
described in Fig. 5 B from Xiang et al. (2020). The AddModule-
Score function was used to evaluate the expression magnitude of
the mesenteric, dermal, or LN LEC marker genes per cell, and the
median module score per gene signature per cluster displayed
using the ComplexHeatmap package. Finally, we assessed tran-
scription factor activity per cell using the SCENIC im-
plementation 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 was 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) over-
night at 4°C. For embryonic tissues, skin (E16.5) and mesenteries
(E18.5) were fixed in 4% PFA for 2 h 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 pm. 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 sec-
ondary antibodies for 1h (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 incu
bating the sections in 1x PBS 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-carbox-
yethyl) phosphine in distilled water for 4 min at room tempera-
ture. 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% MgCl,, permeabilized
with 0.1% Triton X-100 (A1388; AppliChem) in PBS, and blocked
with a solution of 0.5% BSA (A1391; AppliChem) and 0.1% Triton X-
100 in PBS for 1 h at room temperature. Coverslips were incubated
with primary antibodies (Table S4) overnight at 4°C, washed with
PBS, incubated with Alexa Fluor-conjugated secondary antibodies
(Thermo Fisher Scientific) supplemented with DAPI (0.2 ug/ml) for
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1 h 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 Ha-
mamatsu NanoZoomer S60 (NDP.view2 software). We used
Image]J/Fiji for image analysis.

Collateral vessel quantification in mesenteric lymphat-
ics. Mesenteric collecting lymphatic vessels from Foxc2'*** and
AgpLFoxc2'**° mice were prepared as described above. Lym-
phatic valves were identified by as PROX1-high cells. Collateral
vessels were defined as PROXI1* 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 Aqpl
deletion analysis, whole-mount intestinal tissues from Rosa26-
EYFP; AgpIi“LEC and control mice were processed as described
above. The total number of LECs per lacteal was determined by
counting PROX1* nuclei within the LYVEI* lacteal boundary. YFP*
LECs were identified by colocalization of the 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 seg-
mented into five equal positional bins (0-20%, 20-40%, 40-60%,
60-80%, and 80-100% of total lacteal length from the base to the
tip). Lacteal length was measured from the base (crypt-associated
region) to the 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 Image]J (National Institutes of Health). 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 B-catenin-positive signal.
Total B-catenin-positive area was measured and normalized to
cell number. Values were normalized to the control condition
(EBFP9E, 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 di-
vided by the total VEGFR3* area. The same approach was used to
determine the percentage of the AQP1*EMCN* area. For LEC
proliferation, thresholds were set for both PROX1 and K167, and
the number of double-positive PROX1*KI67* cells was normalized
to the total number of PROX1* cells. A threshold based on the Otsu
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algorithm was applied to the AQP1 channel to classify proliferating
LECs (PROX1*KI67%) as AQPI* or AQPI-, based on whether the
measured mean AQPI intensity in each cell exceeded this thresh-
old. Macrophages were quantified by applying a threshold to the
CSFIR channel and counting the number of CSFIR* cells, which
was subsequently normalized to the total tissue area.

Statistical analysis

Data were analyzed using Wolfram Mathematica (13.0), R (v4.1.2),
and GraphPad Prism (8). All plotted values are presented as the
mean + SD. For two-group comparisons, one-sample, paired,
Student’s or Welsh's t test was performed, as appropriate. For
comparisons involving >2 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-Si-
dak, or Benjamini-Krieger-Yekutieli). The specific tests used for
each experiment are indicated in the figure legends. A P value
<0.05 was considered statistically significant.

Online supplemental material

Fig. Sl is related to Fig. 1 and contains scRNA-seq integration,
reclustering 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 Agpl deletion via FACS
and qPCR, and reanalysis 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 expres-
sion. 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 LN LEC subpopulations, and macrophage in-
filtration in lymphedema. Table Sl 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 as-
says. 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 scRNA-seq data generated and analyzed in this study are
available in the Gene Expression Omnibus (GEO) under acces-
sion numbers GSE288670 (cells from samples 1-3, Table S1) and
GSE288925 (cells from samples 4 and 5, Table S1). The BRB-seq
data are available in GEO under the accession number GSE312554
(Table S3).
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Figure S1. Supplementary to Fig. 1. (A) UMAP of all integrated cells colored by their originating sample (dataset numbers per Fig. 1 A; cell numbers in
brackets). (B) AQP1 expression is restricted to villus lacteals with minimal-to-no expression in serosal lymphatic vessels. Immunofluorescence 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 reclustered after removing IFN response genes (Cluster 2 markers). Colors indicate original clustering (CL.0-1-2; Fig. 1 B), with full or empty circles (symbol)
distinguishing the reclustering into CL.0-1. (D) Expression of Cluster 0 and Cluster 1 marker genes after reclustering without IFN response genes. The dot plot
showing expression of selected marker genes in Cluster O (lacteal) and Cluster 1 (S/S) following removal of IFN response genes and reclustering. The dot size
indicates the percentage of cells expressing each gene; the 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. The dot size shows RSS,
indicating specificity to a cluster; the 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. The dot size indicates the percentage of cells expressing each factor; the color reflects scaled average expression. (H) Number of
cells expressing varying levels of Ptx3 expression levels in intestine LEC clusters. Colors indicate Ptx3 expression quartiles: 0-25%, 25-50%, 50-75%, and 75-
100%. RSS, Regulon Specificity Score.
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Figure S2. Supplementary to Fig. 2. (A) AQP1 s 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 um. (B) AQP1is detected in intestinal but not colon LECs. Paraffin sections of jejunum and colon
stained for AQP1 (magenta), EMCN (yellow), VEGFR3 (green), and 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 DAPI- live cells, exclusion of CD45*
and EpCAM* cells, and finally sorting of CD31*PDPN* LECs. (D) Validation of Aqp1 deletion. gPCR for Agpl mRNA in Aqp1 and AqpI'tEC mice, normalized to
18S rRNA. (E) Representative images of LYVE1 (green) and FABP4 (magenta) in WT (Aqp17/f)) and AqpI'2tEC mice. Right panels show the FABP4 signal within the
LYVEL* vessel mask. Scale bar: 20 um. (F) Representative images of LYVEL* (green) and PTX3 (magenta). Right panels show the PTX3 signal within the LYVE1*
vessel mask + 5 um. (G) Quantification of mean FABP4 intensity in lacteals. WT: n = 4 mice; AgpI'4LEC: n = 3; Welch’s t test. (H) Quantification of mean PTX3
intensity. WT: n = 4 mice; AgpI’tEC: n = 3; Welch's t test; ns, not significant. (1) Dot plot showing expression of Aqpl and Ptx3 across lamina propria cell types
(interstitial cells of Cajal (ICCs), villus SMCs, telocytes, Fibin*, Crypt~, Prrx1* and villus fibroblasts). The dot size indicates percent expression; the color indicates
average expression. Data are reanalyzed from a published dataset (Bernier-Latmani et al, 2022) (GEO: GSE154821). (J) Heatmap of gene expression
(log2(cpm+1)) for Epcam, Krt20, Aqp1, Pdgfra, and Ptx3 in intestinal epithelial cells. Data are reanalyzed from a published dataset (Gonzalez-Loyola et al., 2022)
(GEO: GSE189852). Data are the mean = SD.
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Figure S3. Supplementary to Fig. 3. (A) Representative images of LYVE1* lacteals in control and antibiotic-treated mice. (B) Quantification of the mean
lacteal length. n = 4 mice. (C) Representative images of LYVEL" lacteals (green) and FABP4 (magenta) in control and antibiotic-treated mice. The right panels
show the FABP4 signal within the LYVE1* vessel mask. (D) Quantification of mean FABP4 intensity. (E) Representative images of LYVE1* lacteals (green) and
PTX3 (magenta). The right panels show the PTX3 signal within the LYVE1* vessel mask. (F) Quantification of mean PTX3 intensity shows a trend toward
reduction (P = 0.086). n = 3 mice. Data are the 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 Figs. 4 and 5. (A) Representative inverted grayscale images of F-actin in control (EBFP9) and AQPI®E LECs, cultured in
normosmotic, hyperosmotic, or hypoosmotic medium, with or without VEGF-C. (B) Quantification of nuclei per 100-um sprout length across conditions (cell
type: control vs. AQPI%F; treatment: BSA vs. VEGF-C; osmolarity: control vs. hyperosmotic). (C) Quantification of protrusion number per spheroid across
conditions. Data in B and 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 AQPI°F LEC sprouting in the VPT platform under control (300 mOsm) and hyperosmotic (500 mOsm) conditions.
(E) Quantification of the 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 ANOVA followed by Tukey’s multiple comparisons test. (F) AQP1 expression levels shown
relative to RPL27 housekeeping gene expression in control and AQP1°F LECs under increasing hydrostatic pressure (0 and 2 mm Hg). n = 3 biological replicates.
Two-way ANOVA followed by Sidak’s multiple comparisons test. (G) Representative images of control and AQPIF LECs under hydrostatic pressure showing
DAPI (blue) and F-actin (white). (H) F-actin intensity distribution under hydrostatic pressure (0 and 2 mm Hg). Multiple unpaired t test comparing control vs.
AQPI°E at each position for each pressure condition, with a false discovery rate (FDR) correction (Q = 5%). n = 3 biological replicates. Symbols: * adj. P < 0.05.
Data are the mean + SD. Scale bars: 50 um.

Roci et al. Journal of Experimental Medicine
AQP1 sustains stress-adaptive lymphangiogenesis https://doi.org/10.1084/jem.20250506

S5

9z0z aunr 0 uo Jasn 8ba 17 ag @1isteniun Ag 4pd 90505202 Wa [/8655€0Z /905052028 /L /€22 /4pd -8 |2 13 1e e [ /610 "ssaidni//:d 11y woly papeo juwoq



P~

2 |EM
3]
R

[s9)

10° SGK1 Control Inflamed SCS
X M Inflamed
15 157 — X0
525
5 5 i
g g1 i 20
S S w
3 3 = 15
2 2 <
B B 5 £ ° \
85 S5 S 10
o o 3
S 05 1 i LYVE1 PROX1 LYVE1 PROX1
& AQP1 AQP1
’ s = *postnatal Adult " T
Osmolarity (mOsm) Osmolarity (mOsm) Inguinal Popliteal i A s w ol
N v, \
PKN1 ZFP36L1 SN it
5 207 58 ik Tande B X Ll
g ¢ = Medullar { ~ o e I
20 — S0 . N T G SAnEY
§ S x s Ny |17
3 2 225 AR N o | B al;
815 14 I p=0.03 = =
g 2104 i 20 AQP1 (LYVE1 mask) AQP1 (LYVE1 mask)
® o = .
%1.0 £ 51
5 5 £
&5 & 051 B
s
o 05
5
+
- -« 0
00300 — 500 00300 — 500 5 os
Osmolarity (mOsm) Osmolarity (mOsm) =
Postnatal Adult #
M Control W AQP1% S —
x10?
p=0.003 p=0.001
10
T S w150
£9 £
2 © %o
3 64 8100
r =
T 4 8 °
€ o
© = 504
gl n
0.
VEGFR3 Ctrl LD Ctrl LD
p=0.0007

ol
Ctrl LD

F

Figure S5. Supplementary to Figs. 6 and 7. (A) qPCR validation of LEC transcriptomics. Expression of selected genes (AQP1, SGK1, ZFP36L1, PKN1) in control
and AQP1°E LECs under control (300 mOsm) and hyperosmotic (500 mOsm) conditions relative to 18S. n = 2. (B) Quantification of AQP1 expression in LN LECs.
Left bar chart: quantification of the AQP1* area within the LYVEL* mask in inguinal and popliteal LNs at postnatal and adult stages (postnatal and adult inguinal,
n = 4, inflamed inguinal and popliteal, n = 2 mice). Right bar chart: comparison of the AQP1* area in SCS vs. 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 SCS LECs. Control and inflamed LN sections stained for AQP1
(magenta), LYVEL (green), PROX1 (cyan), and DAPI (blue); grayscale images show AQP1 alone and AQP1 masked by LYVEL staining. Scale bar: 50 pm.
(D) Macrophage infiltration increases in 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: 50 pm. The dot plot quantifies the number of CSF1R* cells per mm2. (E) AQP1* lacteals are surrounded by
macrophages. Paraffin sections of jejunum stained for LYVEL (green), CSF1R (red), and DAPI (blue) (n = 5 mice). Scale bar: 20 um. (F) AQP1 expression at valve-
adjacent regions in LD. Skin section from LD mouse stained for AQP1 (magenta), VEGFR3 (cyan), and DAPI (blue). The dashed box indicates the 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) AQP1is 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 the AQP1* area within EMCN*
vessels. Data are the mean + SD. Differences were assessed using Student’s t test. LD, lymphedema; SCS, subcapsular sinus.
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Provided online are Table S1, Table S2, Table S3, and Table S4. Table Sl is related to Fig. 1and lists scRNA-seq datasets and markers.
Table S2is 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.
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