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BACKGROUND: Lymphedema is an incurable disease associated with lymphatic dysfunction that causes tissue swelling and 
fibrosis. We investigated whether lymphedema could be attenuated by interfering with uPARAP (urokinase plasminogen 
activator receptor-associated protein; Mrc2 gene), an endocytic receptor involved in fibrosis and lymphangiogenesis.

METHODS: We generated mice with lymphatic endothelial cell (LEC)–specific uparap deficiency and compared them with 
constitutive knockout mice by applying a preclinical model of secondary lymphedema (SL). Computerized methods were applied 
for 2-dimensional and 3-dimensional image quantifications. Cellular effects of uPARAP deletion on lymphatic permeability 
were assessed by small interfering RNA–mediated silencing in human dermal LECs and a pharmacologic treatment 
targeting ROCK (Rho-associated coiled coil containing kinase), an established regulator of cell junctions. The uPARAP 
and vascular endothelial cadherin partnership was investigated through proximity ligation assay, coimmunoprecipitation, and 
immunostaining. An in silico model was generated to analyze the fluid-absorbing function of the lymphatic vasculature. To 
interfere with uPARAP, its downregulation was achieved in vivo through a gapmer approach.

RESULTS: uparap deficiency mitigated several key pathologic features of SL, including hindlimb swelling, epidermal thickening, 
and the accumulation and size of adipocytes. In both global and LEC-conditional uparap-deficient mice, induction of SL led 
to a distinctive labyrinthine vasculature, defined herein by twisted and hyperbranched vessels with overlapping cells. This 
topology, mainly composed of pre–collecting vessels, correlated with reduced SL, but not with change in fibrosis, highlighting 
the importance of uPARAP in regulating LEC functions in a lymphedematous context. In vitro, uPARAP knockdown in 
LECs impaired vascular endothelial growth factor C–mediated endosomal trafficking of vascular endothelial cadherin and 
induced overlapping cell junctions. The pharmacologic inhibition of ROCK recapitulated cell superimposition in vitro and the 
labyrinthine vasculature in vivo with attenuated SL. Computational modeling of labyrinthine lymphatic vasculature supported 
the observation on their improved fluid-absorbing function in comparison with a normal hierarchic network. These data 
provide proof of concept of inducing a labyrinthine topology to treat SL. For therapeutic purposes, we validated the use of an 
anti-uPARAP gapmer to induce a labyrinthine vasculature and attenuate SL formation.

CONCLUSIONS: Our findings provide evidence that downregulating uPARAP expression can induce a beneficial remodeling of 
lymphatic vasculature that attenuates lymphedema through a cell junction–based mechanism, offering a novel therapeutic 
pathway for lymphedema.
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Lymphedema, an incurable disorder of the lymphatic 
vascular system, is a chronic and debilitating condi-
tion characterized by impaired lymphatic drainage, 

tissue swelling, and fibrosis.1 Lymphedema can manifest 
either as primary lymphedema, mostly attributable to 
genetic causes, or secondary lymphedema (SL), result-
ing from cancer treatment or lymphadenectomy.2 The 
vascular endothelial growth factor C (VEGF-C)/vascular 
endothelial growth factor receptor 3 (VEGFR-3) signal-
ing pathway is a major driver of embryonic, postnatal, and 
pathologic lymphatic vascular network development.3–5 
Sequence variations in genes associated with this path-
way, including VEGF-C, FLT4, CCBE1, and ADAMTS3, 
have been detected in patients with primary lymph-
edema.2,6 Lymphedema treatments encompass manual 
massage, limb compression therapies, and surgical inter-
ventions.1 Preclinical attempts to treat lymphedema in 
mice have used pro-lymphangiogenic factors, such as 
VEGF-C7 and various biomaterials with and without stem 
cells, and inhibitors of fibrosis factors (anti– transforming 
growth factor–β)8 or tissue inflammation.9,10 A phase 2 
clinical trial has indicated safety and potential benefit of 
adenoviral VEGF-C and lymph node transfer in lymph-
edema.11 Whether a modulation of other features of lym-
phatic vessels or surrounding fibrotic tissues is required 
for lymphedema treatment remains to be explored.

We explored the function of uPARAP (urokinase 
plasminogen activator receptor-associated protein)/
Endo180 (Mrc2) in an SL model in mice. uPARAP, pri-
marily a collagen receptor involved in both fibrotic and 
lymphangiogenic processes, contributes to collagen 
turnover and directional cell migration.12–14 Although 
uPARAP is expressed mostly by mesenchymal and 

endothelial cells,15 its role in vascular biology remains 
poorly understood.16 We previously demonstrated that 
uPARAP restricts VEGFR-2/VEGFR-3 heterodimer-
ization, enhances VEGFR-3/JNK (c-Jun N-terminal 
kinase)/Rac1 (Ras-related C3-rich protein 1) signal-
ing, impairs directional lymphatic endothelial cell (LEC) 
migration, and increases lymphangiogenesis.16

We generated LEC-specific uparap-deficient mice. 
We used them, as well as global uparap-deficient mice, 
as experimental models to interfere with collagen or 
lymphatic remodeling, or both, during SL formation. 
To mimic the generation of SL in patients with can-
cer, we subjected 1 hindlimb to irradiation followed 
by lymph node resection and lymphatic vessel ligation 
in mice. Both constitutive and LEC-specific uparap-
deficient mice exhibited an SL phenotype consisting 
of a cutaneous lymphatic network of hyperbranched 
and twisted vessels, along with overlapping cell junc-
tions, collectively termed labyrinthine vasculature. This 
vascular pattern correlated with attenuated SL forma-
tion versus wild-type (WT) control mice. Our findings 
demonstrate an unprecedented role of uPARAP in 
lymphedema and underscore the therapeutic potential 
of labyrinthine vasculature induction, uPARAP down-
regulation, or both.

Clinical Perspective

What Is New?
•	 Global and lymphatic endothelial cell–specific 

deletion of uparap (urokinase plasminogen activa-
tor receptor-associated protein) in mice leads to 
attenuated secondary lymphedema.

•	 The formation of a labyrinthine lymphatic vascula-
ture characterized by hyperbranched and twisted 
vessels is associated with attenuated lymphedema.

•	 uPARAP governs vascular endothelial growth factor 
C–driven vascular endothelial cadherin endosomal 
trafficking in human lymphatic endothelial cells 
independently of its role in collagen remodeling.

What Are the Clinical Implications?
•	 uPARAP is a new target to treat lymphedema.
•	 Inducing the formation of a labyrinthine vasculature 

reduces lymphedema formation.
•	 Targeting uPARAP with antisense oligonucleotides 

has therapeutic potential to treat lymphedema.

Nonstandard Abbreviations and Acronyms

3D	 3-dimensional
AAV	 adeno-associated viruses
GTPase	 guanosine triphosphatase
IgG	 immunoglobulin G
ITGA9	 integrin α-9
JAIL	� junction-associated intermittent 

lamellipodia
JNK	 c-Jun N-terminal kinase
KD-LEC	� knockdown lymphatic endothelial 

cells
LEC	 lymphatic endothelial cell
Rac1	 Ras-related C3-rich protein 1
RhoA	 Ras homolog family member A
ROCK	� rho-associated coiled coil  

containing kinase
siRNA	 small interfering RNA
SL	 secondary lymphedema
uPARAP	� urokinase plasminogen activator 

receptor-associated protein
VE-cadherin	 vascular endothelial cadherin
VEGF-C	� vascular endothelial growth 

factor–C
VEGFR	� vascular endothelial growth factor 

receptor
WT	 wild-typeD
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METHODS
Data Availability Statement
Source data for figures and supplemental figures are available 
from the corresponding author on reasonable request. Materials 
used to conduct the research are included in the article or in 
the Methods in the Supplemental Material.

Animals and Study Design
All animal experiments were approved by the institutional ani-
mal care and use committee at the University of Liege (approval 
20-2204). Female mice, 6 to 8 weeks of age, were housed in 
a standard environment with controlled light and temperature 
within ventilated cages (4 or 5 mice per cage), with food and 
water ad libitum. Power calculations were performed to cal-
culate sample size. Animals were randomly assigned to either 
treatment or control groups. All histologic examinations were 
performed in a blind fashion.

Secondary Hindlimb Lymphedema Model
The lymphedema model combined hindlimb irradiation and sur-
gery, as described.17 Bilateral limb volume was measured every 
3 days using a caliper. To reduce individual variability, limb vol-
ume was normalized for each animal by calculating the per-
centage change from the control limb (nonoperated right limb). 
In some assays, mice were injected with recombinant adeno-
associated viruses (AAVs) encoding either domains 1 through 
3 of VEGFR-3 (AAV-VEGFR-3[1-3]-IgG-Fc; VEGF-C trap)18 
or domains 4 through 7 of VEGFR-3 (AAV-VEGFR-3[4-7]-
IgG-Fc),19 both fused to the immunoglobulin (IgG) Fc domain 
(Supplemental Material).

Three-Dimensional Reconstruction of 
Lymphatic Vessels
Three-dimensional (3D) lymphatic network reconstruction 
was conducted on whole skin samples. After immunohisto-
chemical staining, images were captured using a Leica SP5/
SP8a confocal microscope, and processed and analyzed with 
MATLAB 2022b. Vasculature complexity was assessed by 
measuring branching density (branching per total network 
length) and tortuosity (actual path length divided by the lin-
ear distance),20 and assigned a score ranging from 1, indicat-
ing a straight line, to higher values, indicating more complex, 
twisted vessel shapes.

In Vitro Assays
Primary human LECs (HMVEC-dLy; Lonza) were cultured in 
EGM2-MV medium (complete medium; Lonza) until 80% con-
fluence. LECs were transfected with a pool of small interfering 
RNAs (siRNAs) targeting uPARAP or control siRNAs. Cells 
were stimulated with recombinant human VEGF-C (400 ng/
mL; Abcam), human VEGF-CCys156Ser (500 ng/mL), or human 
VEGF-A (400 ng/mL; both from R&D Systems). Proximity 
Ligation Assay16,21 and Pulse-Chase Assay22,23 were per-
formed as described. Vascular endothelial (VE) cadherin inter-
nalization and recycling analyses were adapted from previous 
studies.24,25

Computational Modeling
Fluid velocity (V) through the vessel wall was modeled as a 
function of tissue fluid pressure (p) and represented by V=Lpp, 
where Lp is the seepage coefficient. This model is grounded 
in poroelasticity theory.26,27 Poroelastic finite-element methods 
are widely used to estimate pore pressure and fluid flow within 
the microporosity of biologic tissues such as bone28–30 and 
dermis.31–33 For the dermis, we assigned Lp=30 µm2·s·kg−1,34 
Young modulus E=200 kPa,25 Poisson ratio v=0.47,25 perme-
ability K=1×10−14 m4·N−1·s−1,31,35 void ratio φ=0.05,28,30 and 
specific weight of wetting liquid w=9.807 kN/m3.

Statistics
Statistical analyses were performed using GraphPad Prism 9 
(GraphPad Software) or MATLAB R2021a (MathWorks, Inc.). 
Data normality was evaluated using the Shapiro-Wilk test and 
visually confirmed with QQ plot. Based on data distribution, 
as well as the number of groups and measures analyzed, we 
selected appropriate parametric or nonparametric tests, as 
specified in the figure legends. For normally distributed data, 
statistical tests included 1-way or 2-way (repeated-measures 
or not repeated-measures) ANOVA, followed by multiple com-
parisons using Holm-Šídák correction, unpaired or ratio paired 
t tests, or 1-sample t tests. Data are presented as mean±SEM. 
For non-normally distributed data, analyses included Kruskal-
Wallis test followed by Dunn test with Bonferroni correction, 
Kolmogorov-Smirnov test, or Mann-Whitney U test. These data 
are reported as medians with interquartile ranges. Statistical 
significance was determined at P<0.05, denoted as follows: 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

Additional details of experimental procedures are provided 
in the Supplemental Material.

RESULTS
Constitutive uparap−/− Mice Exhibit a 
Labyrinthine Lymphatic Vasculature Associated 
With Attenuated SL
To induce SL in the hindlimb of uparap+/+ and global 
uparap−/− mice, we combined local irradiation followed 
by lymph node resection and lymphatic vessel ligation 
of one limb, and the other limb was used as control (Fig-
ure 1A). SL progression was monitored by measuring bi-
lateral limb thickness, which revealed a 200% to 250% 
increase in limb volume in uparap+/+ versus control mice 
(Figure 1B). uparap−/− mice exhibited a 31% reduction of 
limb volume change versus uparap+/+ mice. Histologically 
assessed key lymphedema features revealed epidermal/
dermal thickening, increased inflammation (F4/80+ mac-
rophage infiltration), and fibroadipose tissue accumula-
tion (Figure S1). In uparap−/− mice, SL skins exhibited 
reduced epidermal thickening, as well as decreased ac-
cumulation of adipocytes exhibiting a smaller size (Figure 
S1B and S1E through S1G; P<0.005). The 2 genotypes 
exhibited comparable inflammation and fibrosis, as indi-
cated by macrophage infiltration (Figure S1D) and the 
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Figure 1. uparap deficiency attenuates secondary lymphedema.
Secondary lymphedema (SL) was induced in WT (“uPARAP+/+”) (n=8) and uparap-deficient (“uPARAP−/−”) (n=10) mice. A, Timeline of the 
experiment with representative images of control and SL limb at day 28. Scale bars=1 cm. B, Follow-up of the relative volume of hindlimb 
subjected to SL induction in uPARAP+/+ or uPARAP−/− mice. Results are expressed as percentage of control limb volume (100%, dotted line). 
Data are mean±SEM. C, Representative images of Lyve-1+ vessels (red) with nuclei (blue) in control and SL skin. Scale bars=250 µm. D, Spatial 
distribution of lymphatic vessels (orange) as the distance from the basal epithelial layer (distance=0 on the x axis). Hair follicle density (purple) is 
presented to delineate hair follicle–associated lymphatic vessels in the papillary dermis. P50 and P90 percentiles correspond to the (Continued )
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scar index, which distinguishes thick and thin collagen fi-
bers (Sirius red staining; Figure S1H and S1I). Therefore, 
SL severity was significantly reduced in uparap−/− mice 
without affecting fibrosis.

In normal skins of both uparap+/+ and uparap−/− mice, 
lymphatic vessels identified through Lyve-1 staining were 
found underneath the epidermis and closely associated 
with hair follicles within the papillary dermis (Figure 1C).36 
Spatial distribution of lymphatic vessels was determined by 
calculating the vessel frequency as a function of the dis-
tance from the basal epithelial layer (Figure 1D). The dis-
tance at which up to 90% of Lyve-1+ vessels were detected 
(90th percentile), was similar in uparap+/+ (181.55 µm) and 
uparap−/− (208.79 µm) mice (Figure 1D, left).

In SL skins, 2 distinct types of cutaneous vessels were 
identified: narrow lymphatic vessels associated with hair fol-
licles in the papillary dermis, similar to those in normal skins, 
accounting for approximately half of the vessels (50th per-
centile), and large lymphatic vessels deeply located in the 
reticular dermis at a distance >200 μm from the epidermis 
(Figure 1C and 1D, right). A comparison of lymphatic vessel 
distribution curves in the SL condition indicated a signifi-
cant difference between the 2 genotypes (P=0.0138), par-
ticularly in the reticular dermis (P=0.0036 for region >200 
μm; Kolmogorov-Smirnov tests; Figure 1E). In uparap+/+ SL 
mice, 55% of lymphatic vessels were detected at a distance 
<200 μm, whereas in uparap−/− SL mice, 38% of vessels 
were detected in papillary and 62% in reticular dermis 
(>200 μm; Figure 1D and 1E).

The main morphologic differences in SL lymphatic 
vasculature were observed in the reticular dermis, where 
lymphatic vessels of both genotypes exhibited α–smooth 
muscle actin and Lyve-1 staining, indicating precollecting 
vessel characteristics (Figure 1F). In situ hybridization 
and immunohistochemistry revealed uparap expression 
in those Lyve-1+/Prox1+/αSMA+ precollecting vessels 
(Figure S2A). In uparap−/− SL skins, lymphatic sections 
appeared more juxtaposed (Figure 1C, 1F, and 1G), with 
their LECs exhibiting a higher proliferation ratio assessed 
by Ki-67 index (P<0.05; Figure 1G). Computerized 3D 
confocal image analysis of lymphatic vasculature in the 
reticular dermis (Figure 2A) showed increased branch-
ing density and vessel tortuosity, indicating twisting of 
these vessels in uparap−/− SL skins (Figure 2B). Valves 
were detected in those vessels as assessed by ITGA9 
(integrin α-9) staining, and their number was similar in 
both genotypes (Figure S2B and S2C).

VE-cadherin staining revealed atypical LEC–LEC 
junctions with overlapping cells in uparap−/− SL skins 
(Figure 2C). This disorganized vessel structure was 
also associated with uPARAP deficiency in mouse ears 
treated with VEGF-C to induce lymphangiogenesis 
(Figure 2D). These overlapping cytoplasmic extensions 
were positive for Lyve-1 (Figure S2D), further supporting 
their precollecting vessel feature. However, we cannot 
exclude the presence of valves close to some atypical 
junctions. We called this distinct lymphatic vascular pat-
tern in uparap−/− mice, marked by highly branched and 
twisted precollecting vessels, labyrinthine vasculature.

LEC-Specific uparap Ablation Phenocopies the 
Labyrinthine Vasculature and Attenuates SL
To specifically delete Mrc2 gene encoding uPARAP in 
LECs, we generated uparap floxed mice (uPARAPfl/fl) and 
crossed them with Prox1CreERT2 mice, which express 
tamoxifen-inducible Cre recombinase in Prox1+ LECs 
(Figure 3A). This new uPARAPΔLEC mouse model was 
generated in a C57BL6 background, whereas constitutive 
uparap−/− mice were in a FvBN background. We confirmed 
similar SL attenuation across backgrounds, indicating  
that the phenotype was independent of the genetic back-
ground (data not shown). LEC-specific deletion of uparap 
was verified by reverse transcription quantitative poly-
merase chain reaction on fluorescence-activated cell sort-
ed skin cells (Figure 3B; Figure S3 [for population purity]). 
uPARAPΔLEC mice exhibited SL attenuation comparable to 
global uparap−/− mice (reductions in limb volume of 42% 
and 31%, respectively; Figure 1B; Figure 3C). The atypi-
cal lymphatic vasculature features were recapitulated in 
uPARAPΔLEC mice (Figure 3D through 3F), including in-
creased LEC proliferation index (Figure 3D), vessel tortu-
osity, and hyperbranching (Figure 3E and 3F) in SL skins. 
These findings confirmed that the observed phenotype is 
specifically attributable to uparap deficiency in LECs.

uPARAP Silencing Alters VE-Cadherin–
Mediated Cell Junctions in Human Primary 
LECs
To silence uPARAP expression, human primary LECs 
were transfected in vitro with multiple uPARAP siRNAs 
(knockdown LECs [KD-LECs]; Figure S4). At the steady 
state, both control LECs and KD-LECs organized into a 

Figure 1 Continued.  distance at which 50% and 90% of lymphatic vessels are localized, respectively. E, Spatial distribution of lymphatic vessels 
in SL skins of uPARAP+/+ (blue) and uPARAP−/− (green) mice were superimposed. The dashed line at 200 µm delineates approximatively the 
papillary and the reticular dermis. F, Representative images (with higher magnification of the area delineated with a white rectangle) of Lyve-1+ 
(green) and α–smooth muscle actin (αSMA)+ (red) vessels with nuclei (blue) in uPARAP+/+ and uPARAP−/− SL skins. Scale bars=100 µm. G, 
Representative images (left) of Ki67+ cells (yellow) associated with deeper Lyve-1+ vessels (red) of SL skins. The graph (right) corresponds to the 
quantification of Ki67+ cells per vessel–associated DAPI+ nuclei (blue). Data are medians with interquartile ranges. Scale bars=50 µm. Statistical 
tests used were 2-way repeated-measures ANOVA with Holm-Sidak post hoc test for multiple comparisons (B), Kolmogorov-Smirnov test to 
compare 2 distribution curves (for the total curve or for distances >200 µm; E), and Mann-Whitney U test (G). *P<0.05; **P<0.01; ***P<0.001; 
****P<0.0001. Ep indicates epidermis; HF, hair follicles; PD, papillary dermis; and RD, reticular dermis.
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cobblestone cell monolayer. However, VEGF-C stimula-
tion for 24 hours induced the elongation and alignment 
of control LECs (Figure 4A). In contrast, VEGF-C–stim-
ulated KD-LECs started to overlap, showing disruption 
in VE-cadherin-based cell–cell junctions, characterized 
by overlapping cytoplasmic extensions, mirroring the in 
vivo findings (Figure 4A; Figure 2E and 2F). This dis-
tinctive cell behavior was validated by live-cell imaging 
microscopy (Videos S1 and S2). We confirmed that the 
phenotype observed was solely VEGF-C–dependent, 
because no cellular overlapping could be observed in 
KD-LECs treated with VEGF-A (ligand of VEGFR-2 
homodimer) or VEGF-CCys156Ser (ligand of VEGFR-3/ 
VEGFR-3 homodimer) stimulation (Figure S5A). These 
data are in line with a previous study reporting that 
VEGF-C triggers the VEGFR-2/VEGFR-3 signaling 
pathway in KD-LECs.16

The observed types of LEC–LEC junctions were 
classified into 7 categories based on their morphology 
in high magnification under confocal microscopy: linear, 
reticular, finger, spike, zipper, wave-like, and overlapping 
protrusions (Figure 4C and 4D).23 The so-called wave-
like junction, characterized by VE-cadherin spots without 
gaps (Figure 4C), may fit into the junction-associated 
intermittent lamellipodia (JAIL) definition, a mechanism 
whereby endothelial cells remodel junctions and renew 
cell–cell contacts by transiently decreasing membrane-
bound VE-cadherin.37 When LECs were starved, uPARAP 
silencing increased the percentage of overlapping protru-
sions (10.6% in KD-LECs versus 1.5% in control LECs) 
and wave-like lamellipodia (15.4% in KD-LECs versus 
10.4% in control LECs; P<0.05; Figure 4C). These 
atypical junctions were prominent when uPARAP silenc-
ing was combined with VEGF-C stimulation. Indeed, 

Figure 2. uparap deficiency is associated with a more complex and ramified labyrinthine lymphatic vasculature with 
overlapping cells.
A, Z-stack projections of deeper Lyve-1+ lymphatic vessels in secondary lymphedema (SL) skin. Binarized 3-dimensional (3D) reconstructed 
images used for quantification are shown in the top corners. Scale bars=250 µm. B, Three-dimensional quantification of deeper Lyve-1+ vessels 
in whole-mount SL skin samples of WT (“uPARAP+/+”) and uparap-deficient (“uPARAP−/−”) mice. The 2 graphs correspond to 3D branching density 
(left) and 3D tortuosity (right). Data are mean±SEM. Statistical test: unpaired t test. **P<0.01; ***P<0.001. C and D, Representative Z-stack 
projections of vascular endothelial (VE) cadherin staining (red) in Lyve-1+ vessels delineated by dashed lines in uPARAP+/+ and uPARAP−/− mice 
subjected to SL (C) or vascular endothelial growth factor–C (VEGF-C) injection (2 ng) into the ear (D). Arrows show overlapping cytoplasmic 
extensions. Scale bars=50 µm.
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Figure 3. Conditional deletion of uparap in lymphatic endothelial cells phenocopies global uparap deficiency and results in 
secondary lymphedema attenuation.
A, To delete uparap (uPARAPΔLEC mice), specifically in lymphatic endothelial cells (LECs), we generated uparap floxed mice (uPARAPfl/fl) and 
crossed them with Prox1CreERT2 deletor mice expressing a tamoxifen-inducible Cre recombinase in Prox1+ LECs. B, Reverse transcription 
quantitative polymerase chain reaction analysis of uparap and Gapdh mRNA in LECs (CD31+, PDPN+) and fibroblasts (CD31−, PDPN+) sorted 
by fluorescence-activated cell sorting from uPARAP+/+, uPARAP−/−, Prox1_uPARAPfl/fl, and uPARAPΔLEC skins. C, Timeline (above) of the 4-OHT 
treatment and secondary lymphedema (SL) induction in uPARAP-wild-type mice (Prox1_uPARAPfl/fl mice; n=3) and conditional uPARAP−/− mice 
in LECs (uPARAPΔLEC; n=7). Follow-up (below) of the relative volume of hindlimb subjected to SL induction. Results are expressed as percentage 
of control limb volume (100%, dotted line). Data are mean±SEM. D, Representative images (left) and quantification (right) of Ki67+ (yellow) 
per DAPI+ (blue) nuclei in deeper Lyve-1+ vessels (red) in Prox1_uPARAPfl/fl and uPARAPΔLEC SL skins. Scale bar=20 µm. Data are medians 
and interquartile ranges. E, Z-stack projections of deeper Lyve-1+ lymphatic vessels in SL skin. Scale bars=250 µm. F, Three-dimensional 
quantification of deeper Lyve-1+ vessels in whole-mount SL skin samples: 3-dimensional (3D) branching density (left) and 3D tortuosity (right). 
Data are mean±SEM. Statistical tests: 2-way repeated-measures ANOVA with Holm-Sidak post hoc test for multiple comparisons (C), Mann-
Whitney U test (D), and unpaired t test (F). *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001).
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Figure 4. uPARAP silencing enhances overlapping conformation of cell–cell junctions in lymphatic endothelial cells after 
vascular endothelial growth factor–C treatment.
Lymphatic endothelial cells (LECs) were transfected with a pool of 4 small interfering RNAs against uPARAP (knockdown [KD]) or a pool of 
4 control small interfering RNAs. A through C, Vascular endothelial (VE) cadherin and uPARAP (urokinase plasminogen activator receptor-
associated protein) immunolabeling of transfected cells treated or not with vascular endothelial growth factor–C (VEGF-C) for 24 hours (A) or 2 
hours (B and C). Arrows show linear junctions and asterisks indicate overlapping junctions (referring to wave-like lamellipodia or wave-like and 
overlapping protrusions [OP]). Quantification of 7 different cell–cell junctions (as depicted in annotated images; B) determined in 5 independent 
microscope fields by condition and by experiment (C). Data are mean±SEM from 3 independent experiments (C). D, Schematic representation of 
3 main cell–cell junction types modulated by uPARAP silencing. E, Relative permeability of FITC-dextran (40 kDa) assessed after (Continued )
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>50% of the junctions were either overlapping protru-
sions (22.3% in KD-LECs versus 4.7% in control LECs) 
or wave-like lamellipodia (28.7% in KD-LECs versus 
17.5% in control LECs; P<0.05; Figure 4C and 4D). Fur-
thermore, the shift in cell–cell junction morphologies was 
correlated with an increased permeability as assessed in 
Boyden chamber assays (P<0.05; Figure 4E).

uPARAP Silencing Impairs VE-Cadherin 
Recycling
To investigate how uPARAP regulates LEC–LEC junc-
tions, we next assessed total VE-cadherin level and its 
phosphorylation status (pY658 and pY685). However, 
neither total VE-cadherin level nor its phosphorylation 
status were modulated by uPARAP silencing, either in 
steady state or upon VEGF-C stimulation (Figure S5B).

To investigate the fate of VE-cadherin after inter-
nalization, we took advantage of an antibody targeting 
VE-cadherin extracellular domain to label cell-surface 
VE-cadherin at 4 °C (pulsed VE-cadherin) and monitored 
it after VEGF-C stimulation at 37 °C. In control LECs, 
both pulsed and total VE-cadherin were predominantly 
present at the cell surface, indicating smooth intracel-
lular recycling (Figure 4F and 4G). However, we found 
a significant reduction in pulsed VE-cadherin concen-
tration at the cell membrane with barely distinguishable 
cellular junctions in KD-LECs, which was exacerbated 
after VEGF-C stimulation (Figure 4F and 4G; P<0.05). 
The pulsed and total VE-cadherin to total VE-cadherin 
ratio (yellow to green positive pixels) was highly reduced 
in KD-LECs after VEGF-C treatment (Figure 4F and 
4G; P<0.05). Live imaging of cell-surface VE-cadherin 
confirmed a defect in LEC–LEC junction establishment 
along with an accumulation of intracellular VE-cadherin 
(Videos S1 and S2). Together, these data indicate a 
defect in VE-cadherin recycling to the cell surface in 
absence of uPARAP that is exacerbated by VEGF-C.

uPARAP Governs VE-Cadherin Endosomal 
Trafficking
To ascertain the interplay between VE-cadherin and 
uPARAP, we conducted a coimmunoprecipitation assay 
using anti-uPARAP antibodies. VE-cadherin/uPARAP 
complexes were detected after 10 minutes of VEGF-
C stimulation, but not at later time points, suggesting a 
transient, VEGF-C–dependent interaction (Figure 5A). 
Proximity ligation assay confirmed the increased  

proximity between the 2 proteins during the same time 
interval (Figure 5B and 5C).

Immunostaining of uPARAP and VE-cadherin showed 
a colocalization, particularly in perinuclear areas, suggest-
ing their potential interaction during endosomal traffick-
ing. Subcellular localizations of protein complexes were 
detected by proximity ligation assay of uPARAP and VE-
cadherin alongside immunostaining for Rab-GTPases 
(guanosine triphosphatases), which are markers of endo-
somes.38 Molecular complexes were found in the Rab5+ 
early endosome (Figure 5D) and the Rab11A+ recycling 
endosome (Figure 5E), indicating their association dur-
ing VE-cadherin trafficking.39,40 These findings suggest 
that uPARAP may have a regulatory function in VE- 
cadherin endosomal transport, facilitating its recycling to 
the cell surface.

To investigate VE-cadherin internalization into 
Rab11A-positive endosomes, we conducted internaliza-
tion assays. Cell-surface VE-cadherin was pulse-labeled, 
followed by VEGF-C stimulation and a low-pH wash to 
remove membrane-bound antibodies before cell fixation, 
leaving only internalized VE-cadherin for subsequent 
imaging (Figure 5F). In VEGF-C–treated control LECs, 
Rab11A+ vesicles were dispersed throughout the cyto-
plasm. Pulsed VE-cadherin was mainly detected at the 
cell periphery, with minimal colocalization with Rab11A. In 
contrast, KD-LECs showed pulsed VE-cadherin predom-
inantly within Rab11A+ vesicles, suggesting increased 
VE-cadherin retention in the Rab11A+ compartment in 
the absence of uPARAP. Moreover, closeness between 
VE-cadherin and Rab11A, initially detected in both 
control LECs and KD-LECs 10 minutes after VEGF-C 
stimulation, persisted 5 minutes longer in only KD-LECs 
(Figure 5G and 5H). These data highlight the regulatory 
role of uPARAP in VE-cadherin trafficking, specifically 
during recycling.

ROCK Inhibitor Reproduces the Labyrinthine 
Vasculature and Attenuates SL in vivo
Extensions and retractions of lamellipodia during cell 
junction turnover involve small Rho GTPases: Rac1 and 
RhoA (Ras homolog family member A), respectively.37,41 
Because Rac1 activation increases with uPARAP si-
lencing16 and ROCK (rho-associated coiled coil con-
taining kinase) mediates RhoA activation, we used NSC 
23766 Rac1 inhibitor to block lamellipodia formation 
and Y-27632 (ROCK inhibitor) to prevent membrane re-
traction. Our analysis focused on “overlapping junctions” 

Figure 4 Continued.  60 minutes in KD compared with wild-type LECs, stimulated or not with VEGF-C. Data are mean±SEM from 10 
independent experiments. F, Pulse-chase assay. Extracellular VE-cadherin (pulse VE-cadherin; red) was labeled at 4 °C on live cells. Two hours 
after VEGF-C stimulation, cells were fixed and total VE-cadherin (green) was labeled with permeabilizing conditions. G, Graph corresponds 
to quantification of 5 independent microscope fields by condition and by experiment. Data are mean±SEM from 3 independent experiments. 
Asterisks indicate overlapping junctions. Scale bars=20 µm. Statistical test: 2-way ANOVA with Holm-Sidak post hoc test for multiple 
comparisons (E and G). *P<0.05; **P<0.01; ***P<0.001.
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Figure 5. uPARAP interacts with vascular endothelial cadherin during its intracellular trafficking.
A, Immunoprecipitation of uPARAP (urokinase plasminogen activator receptor-associated protein) from lymphatic endothelial cells (LECs) 
stimulated with vascular endothelial growth factor–C (VEGF-C) for 0, 10, or 60 minutes (T0 to T60). Vascular endothelial (VE) cadherin and 
uPARAP protein levels were revealed by Western blot in immunoprecipitates, flowthrough (FT), and input samples. Control immunoprecipitation 
was performed with a mouse control antibody (immunoglobulin G). B, uPARAP/VE-cadherin complex was determined by proximity ligation 
assay (PLA) in LECs treated with VEGF-C during the indicated time (T, in minutes). C, Positive red dots of PLA VE-cadherin/uPARAP were 
quantified and normalized by nuclei count. Data are medians with interquartile ranges of 40 independent microscope fields by condition from 2 
independent experiments. D and E, Representative images (left, at 15 minutes of VEGF-C stimulation) of Rab5 (D) or (Continued )

D
ow

nloaded from
 http://ahajournals.org by on June 2, 2025



OR
IG

IN
AL

 R
ES

EA
RC

H 
AR

TI
CL

E

May 13, 2025� Circulation. 2025;151:1412–1429. DOI: 10.1161/CIRCULATIONAHA.124.0720931422

Gucciardo et al Lymphatic Architecture in Lymphedema

(overlapping protrusions and wave-like lamellipodia) ex-
panded by uPARAP knockdown and VEGF-C stimula-
tion, corresponding to 51% of cell junctions (Figure 4C). 
Consistent with the role of Rac1 in promoting cell pro-
trusion, NSC 23766 treatment led to 10.3% to 13.5% 
overlapping junctions in both control and KD-LECs, ir-
respective of VEGF-C (Figure 6A and 6B). Conversely, 
Y-27632–treated LECs displayed disrupted junctions 
under VEGF-C stimulation, resembling uPARAP silenc-
ing effects (Figure 6A and 6B). ROCK inhibition with 
VEGF-C stimulation also increased monolayer perme-
ability in Boyden chambers (Figure 6C; P<0.05).

We hypothesized that a ROCK inhibitor could induce 
the labyrinthine lymphatic vasculature phenotype and 
reduce SL in vivo. Administration of ROCK inhibitor in SL 
WT mice reduced limb volume by 50% (Figure 6D) and 
increased lymphatic branching and tortuosity, forming a 
labyrinthine lymphatic vasculature (Figure 6E and 6F). 
LEC proliferation index remained unaffected by ROCK 
inhibition (Figure 6G). These results provide a proof of 
concept that generating a labyrinthine vasculature has 
the potential to attenuate SL (Figure 7A).

Computational Modeling Supports the Fluid-
Absorbing Function for the Labyrinthine 
Lymphatic Vasculature
An in silico analysis was conducted to determine the 
drainage capacity of the normal hierarchical lymphatic 
vasculature observed in control or untreated mice and 
compare it with the labyrinthine vasculature observed 
in (global or conditional) uparap-deficient mice and in 
ROCK inhibitor–treated mice. Two-dimensional finite el-
ement models of dermis sections were implemented us-
ing poroelastic formulation to capture both solid and fluid 
phase behavior of the dermis. A computational model 
was designed to calculate the fluid pressure in the der-
mal tissue (excluding capillaries) under 0.02% horizontal 
and vertical compression, applied linearly for 10 seconds. 
This model was run on geometries derived from repre-
sentative images of the lymphatic vasculature detected 
in both genetic mice (Figures 2A and 3E) and in ROCK 
inhibitor–treated mice (Figure 6E) under lymphedema-
tous conditions (Figure 7B through 7D). In global and 
conditional uparap−/− mice (uPARAP−/− and uPARAPΔLEC 
mice), and in ROCK inhibitor–treated mice, all of which 
exhibited the labyrinthine vascular pattern, the average 

fluid pressures were substantially lower, reaching a 53% 
decrease in tissue pressure compared with their corre-
sponding controls. Together, these in silico data support 
the observation of improved absorbing capacity of the 
labyrinthine topology featured by twisted and looped ves-
sels compared with a normal hierarchical vasculature.

Gapmer Targeting of uparap Is a Therapeutic 
Option for SL
Gapmers consist of modified oligonucleotides flanking a 
central DNA segment, primarily linked by phosphorothio-
ate bonds. We designed 5 gapmers (G1–G5) targeting 
uparap RNA and 1 gapmer control, each 16 nucleotides 
in length. Their efficacy was tested in mouse fibroblasts 
expressing uparap endogenously (Figure S6A and 6B). 
Transfection with G1, G2, G3, and G5 reduced uparap 
mRNA levels by 22% to 66.4%. G4 achieved higher and 
most sustained knockdown (72.4%±14.9 at 48 hours, 
89.4%±5.8 at 72 hours, and 84.4%±3.5 at 96 hours; 
Figure S6A). Western blotting analysis confirmed re-
duced uPARAP protein levels with all tested gapmers, 
with G4 inducing an almost complete uPARAP loss 
(Figure S6B). Four repeated doses of G4 were then 
subcutaneously administered to mice subjected to SL 
(Figure 8A). In contrast to control gapmer, G4 reduced 
limb swelling (Figure 8A) and accumulation of adipo-
cytes and their size (Figure S6C and S6D). G4-treated 
mice exhibited the atypical lymphatic vasculature with 
increased tortuosity and hyperbranching (Figure 8C and 
8D) versus untreated or control gapmer–treated mice. 
G4 administration did not affect the epidermal/dermal 
thickenings (Figure 8B), proliferation index (Figure 8E), 
or macrophage-associated inflammation (Figure S6E). 
We observed a modest effect of the control gapmer on 
macrophage infiltration in control and SL skins. These 
data demonstrate that the delivery of anti-uparap gap-
mers is efficient to attenuate SL development and may 
represent a novel therapeutic approach for SL treatment.

Considering that uPARAP effects on LEC phenotype 
are dependent on VEGF-C stimulation, we investigated 
whether inhibiting VEGF-C could counteract gapmer 
effects. We used AAVs encoding a soluble VEGF-C trap 
(AAV-VEGFR-3[1-3]-IgG-Fc)18 or nonligand binding 
region of VEGFR-3 extracellular domain (AAV-VEGFR-
3[4-7]-IgG-Fc)19 as a control. The therapeutic effect of 
G4 on SL was reversed by VEGF-C trap administration, 

Figure 5 Continued.  Rab11A (E; green) immunostainings conducted after PLA of uPARAP/VE-cadherin (red) in cells stimulated with VEGF-C. 
Quantification of the colocalization of PLA and immunostainings normalized by nuclei count are presented as mean±SEM of 10 independent 
microscope fields from 3 independent experiments. F, Immunolabeling of Rab11A was performed after pulse-chase assay in LECs silenced for 
uPARAP after VEGF-C stimulation (15 minutes). Cells were washed with acid buffer to remove cell surface VE-cadherin labeling. Arrows indicate 
VE-cadherin aggregates. G and H, PLA reveals Rab11A–VE-cadherin complex formation in control or knockdown (KD) LECs treated or not with 
VEGF-C for the indicated time (G). H, Quantification of red dots normalized by nuclei count from 10 independent microscope fields by condition 
and by experiment. Data are medians with interquartile ranges of 3 independent experiments. Scale bars=10 µm (D and E) or 20 µm (C, F, and 
G). Statistical tests: Kruskal-Wallis followed by Dunn test with Bonferroni correction (C and H) and 1-way ANOVA with Holm-Sidak post hoc test 
for multiple comparisons (D and E). *P<0.05; **P<0.01; ****P<0.0001.
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Figure 6. Rac1 and ROCK inhibitors recapitulate uPARAP silencing effects on cell overlapping in vitro and ROCK inhibitor 
induces a labyrinthine vasculature with attenuated secondary lymphedema in vivo.
A and B, Control or knockdown (KD) cells were treated with either Rac1 (Ras-related C3-rich protein 1) inhibitor (NSC 23766) or ROCK (rho-
associated coiled coil containing kinase) inhibitor (Y-27632) for 1 hour followed by vascular endothelial growth factor–C (VEGF-C) stimulation 
for 2 hours. Overlapping junctions (wave-like + overlapping protrusions [OP], as in Figure 3) and other types of junctions were quantified after 
vascular endothelial (VE) cadherin immunostaining (green). Scale bars=20 µm. Data are mean±SEM (B). C, Relative permeability of FITC-dextran 
(40 kDa) assessed after 75 minutes in lymphatic endothelial cells (LECs) treated or not with ROCK inhibitor, stimulated or not with (Continued )
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but not by control AAV-VEGFR-3(4-7)-IgG-Fc injection 
(Figure 8F). These findings indicate that the therapeutic 
effect of G4 is dependent on VEGF-C.

DISCUSSION
We discovered that both global and LEC-specific genetic 
deletion of uparap in SL mice results in atypical lymphatic 
vessels, characterized as a labyrinthine vasculature with 
hyperbranched and twisted vessels and reduction of 
SL severity. A similar vascular pattern and SL attenua-
tion was reproduced by using a pharmacologic ROCK 
inhibitor, a finding worth further consideration in the con-
text of lymphedema. Our study uncovers a pivotal role 
for uPARAP in regulating VE-cadherin–mediated cell 
junctions in lymphatic vessels. We also show that in vivo 
uparap downregulation using a gapmer approach offers 
a novel therapeutic concept for lymphedema treatment.

Our previous work showed that uPARAP, an endocytic 
receptor involved in intracellular collagen degradation, 
is a regulator of VEGF-C–mediated lymphangiogen-
esis.16 We then considered that uPARAP, acting at the 
interface between collagen remodeling and lymphatic 
vessel formation, could modulate SL formation through 
either or both of these properties. To clarify the func-
tion of uPARAP in SL, we used a preclinical model of 
cancer-related SL that replicates its key pathologic 
features, such as limb swelling, epidermal/dermal thick-
ening, lymphatic remodeling, inflammation, adipocyte 
accumulation, and fibrosis.17 Genetic ablation of uparap 
significantly reduced limb swelling, epidermal thickening, 
and adipocyte accumulation and size. This was linked 
to the atypical labyrinthine lymphatic vasculature, which 
was composed of predominantly precollecting Lyve-
1+ vessels with α–smooth muscle actin+ cell coverage 
and valves. Although lymphatic valves were not altered, 
such a vascular pattern may contribute to SL attenua-
tion through the contractile functions of the associated 
smooth muscle cells. Moreover, the presence of valves 
cannot be ruled out in some of the atypical cell junctions 
observed in uparap−/− SL skins. The SL mitigation was not 
attributed to the collagen endocytic function of uPARAP, 
because collagen remodeling was not significantly dif-
ferent in SL skins of uparap−/− mice versus uparap+/+ 
mice. Furthermore, specific deletion of uparap in LECs 
phenocopied the labyrinthine pattern associated with 

reduced SL, further confirming the LEC-specific effect 
of uPARAP. A disorganized LEC arrangement was found 
within the labyrinthine vasculature of uparap−/− mice, 
and this was replicated in another experimental murine 
model of VEGF-C–driven lymphangiogenesis (ear injec-
tion; Figure 2D). Consistent findings were reproduced in 
vitro in KD-LECs and associated with increased perme-
ability of the LEC monolayer under VEGF-C stimulation. 
These data indicate a key contribution of uPARAP in 
shaping lymphatic vessels under pathologic conditions. 
In contrast, our previous findings indicated that uparap 
deficiency did not affect the physiologic or postnatal 
development of the cutaneous lymphatic network,16 sug-
gesting a therapeutic window for targeting only the lym-
phatic vessels in SL. We cannot exclude an effect of sex 
on uPARAP function in SL, because only female mice 
were used in the study.

Key findings surfaced through in-depth analyses of 
VE-cadherin trafficking in siRNA-mediated uPARAP-
silenced human primary LECs (KD-LECs). We provide evi-
dence that uPARAP interacts transiently with VE-cadherin  
after VEGF-C stimulation. uPARAP/VE-cadherin com-
plexes were first detected in Rab5+ early endosomes 
and then in Rab11A+ recycling vesicles. uPARAP pro-
moted the smooth recycling of VE-cadherin to the cell 
surface, whereas its silencing induced VE-cadherin 
retention in Rab11+ vesicles. This revealed an intrigu-
ing novel facet of uPARAP involvement in LEC junction 
dynamics, extending its roles beyond matrix remodeling, 
cell migration,12–14 and VEGF-C–driven lymphangiogen-
esis.16 The capacity of uPARAP to modulate VEGFR-2/
VEGFR-3 heterodimerization and downstream signal-
ing may also contribute to VE-cadherin phosphorylation 
and subsequent internalization.16,42–45 However, in control 
and KD-LECs, we found similar phosphorylation levels 
of VE-cadherin (on Y658 and Y685). Thus, uPARAP 
orchestrates the rapid recycling of VE-cadherin for the 
establishment of new adherens junctions, without affect-
ing its phosphorylation level.

Exacerbated “overlapping junctions” in KD-LECs, 
including wave-like lamellipodia and overlapping protru-
sions, are likely to be related to the transient JAIL process 
described in blood endothelial cells, but not in LECs.41,46 
Key features regulating JAIL dynamics are local VE-
cadherin concentration and activity of small GTPases, 
wherein Rac1 contributes to lamellipodia protrusion 

Figure 6 Continued.  VEGF-C. Data are mean±SEM from 3 independent experiments. D, Timeline of secondary lymphedema (SL) induction in 
wild-type mice untreated (vehicle; n=8) or treated with ROCK (Y-27632) inhibitor (n=8). Representative follow-up of the relative volume of the 
limb. Results are expressed as percentage of control limb volume (100%; dotted line). Data are mean±SEM. E, Z-stack projections of deeper 
Lyve-1–positive lymphatic vessels in SL skin. Scale bars=250 µm. F, Three-dimensional quantification of deeper Lyve-1–positive vessels in 
whole-mount SL skin samples of vehicle and Y-27632–treated mice. The 2 graphs correspond to 3-dimensional (3D) branching density (left) and 
3D tortuosity (right). Data are mean±SEM (F, left) or median and interquartile range (F, right). G, Representative images (left) and quantification 
(right) of Ki67+ (yellow) per DAPI+ (blue) nuclei in deeper Lyve-1–positive vessels (red) of lymphedema skins in ROCK inhibitor treated or 
untreated mice. Scale bar=20 µm. Data are mean±SEM. Statistical tests: 2-way ANOVA (C), 2-way repeated-measures ANOVA (D), both with 
Holm-Sidak post hoc test for multiple comparisons; unpaired t test (F in left graph, G); and Mann-Whitney U test (F in right graph). *P<0.05; 
**P<0.01; ***P<0.001; ****P<0.0001.
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Figure 7. In silico simulation of fluid absorption in different topologies of the lymphatic vasculature.
A, Schematic representation of the proposed model of labyrinthine vasculature. The reestablishment of lymphatic endothelial cell (LEC)–LEC 
junctions upon vascular endothelial growth factor–C (VEGF-C) stimulation relies on the correct endosomal trafficking of VE-cadherin and small 
GTPase activities (Rac1 [Ras-related C3-rich protein 1] for the formation of protrusions and ROCK [rho-associated coiled coil containing kinase]/
RhoA (Ras homolog family member A) for their retraction). (Top) uPARAP (urokinase plasminogen activator receptor-associated protein) binds 
to VE-cadherin in early endosomes (EEA1) and drives it to Rab11+ recycling endosomes for its return to the cell surface. uPARAP also reduces 
VEGFR-2/VEGFR-3 heterodimerization, leading to increased Rac1 activity (Rac1-GTP).16 In the presence of uPARAP, appropriate (Continued )
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and RhoA/ROCK to their retraction.37,41 Involvement of 
JAIL in our so-called overlapping phenotype observed 
in uPARAP-silenced LECs is supported by the follow-
ing features: VE-cadherin staining pattern (clustering) 
in wave-like lamellipodia, low rate of VE-cadherin recy-
cling at the cell surface, and Rac1/ROCK involvement in 
retraction of cell extensions assessed by pharmacologic 
approaches. Furthermore, we previously demonstrated 
that uPARAP also regulates Rac1 activity.16

Our data converge toward a novel model in which an 
atypical lymphatic vascular network formed by hyper-
branched and twisted vessels with altered cell–cell junc-
tions reduces SL severity. Pharmacologic inhibition of 
ROCK was used to validate this concept. ROCK inhibition 
altered VE-cadherin–mediated LEC monolayer integrity 
and permeability in vitro and induced the formation of an 
abnormal lymphatic network in vivo. Hence, it reproduced 
a similar labyrinthine vasculature and reduced SL in vivo. 
The effect of ROCK inhibitor on LEC proliferation in vivo 
is distinct from that of uparap deficiency, likely because 
only uPARAP modulates the VEGFR-2/VEGFR-3 path-
way. Beyond providing a proof of concept, our findings 
also provide new mechanistic insights into the functional-
ity of ROCK inhibitors in VE-cadherin–mediated cell–cell 
junctions, elucidating how they can mitigate SL in vivo.47

It may appear counterintuitive that a complex network 
of twisted and hyperpermeable vessels could improve 
lymphatic drainage. However, such a labyrinthine vascu-
lature could facilitate lymphatic drainage through vari-
ous mechanisms. First, the hyperpermeability of these 
vessels improves fluid intravasation into the lymphatic 
vasculature. Next, the twisted nature of the vessels 
increases the drainage surface area, enhancing the effi-
ciency of fluid removal. In addition, the intricate branch-
ing and looping of lymphatics provide multiple alternative 
pathways for fluid transport, which is particularly benefi-
cial in cases where luminal obstruction occurs, such as 
in patients with SL.48 Based on in vitro and in vivo results 
highlighting alterations in cell–cell junctions involved in 
fluid intravasation, we generated an in silico model simu-
lating interstitial fluid removal. Our in silico approach 
used authentic and binarized images generated in vivo 
in the genetically modified or pharmacologically treated 
mice. This computational modeling confirmed the notion 
of improved fluid-absorbing function of the labyrinthine 

vascular pattern as compared with the classic hierarchi-
cal one.

Chronic lymphatic dysfunction affects millions of 
people worldwide. Despite recent important advances in 
the field of lymphatic biology, patients with lymphedema 
need more effective therapy. We provide evidence that 
uPARAP is a therapeutic target that is worth consider-
ing for the design of future treatment. We thus decided 
to use gapmers (ie, antisense oligonucleotides) to selec-
tively downregulate uparap. This innovative approach 
aims to inhibit the translation of the target gene prod-
uct.49 Their structure ensures both specificity for the tar-
get and drug stability, which are more difficult to obtain 
with siRNAs. Another advantage of gapmer technology 
is to overcome the issue of safety that might be related 
to viral vectors used, for instance, when delivering short 
hairpin RNAs. The use of gapmers holds promise in the 
clinic and some of them (eg, mipomersen, inotersen, 
eteplirsen, golodirsen) have been approved by the Food 
and Drug Administration for the treatment of genetic 
diseases.50 Subcutaneous administration of a gapmer 
targeting uparap successfully induced a labyrinthine 
vasculature and attenuated SL. The slight reduction of 
epidermal thickening achieved with genetic ablation of 
uparap was not detected with anti-uparap gapmer. This 
might be related to the early induction of the epidermal 
thickening that cannot be modulated by gapmers, which 
were injected at a later time point.

Our study underscores the potential of targeting 
uPARAP to promote lymphatic remodeling and to attenu-
ate lymphedema. The role of VEGF-C in uPARAP func-
tion was supported by the use of a VEGF-C trap, which 
blocked the effects of anti-uparap gapmers. Collectively, 
our findings suggest that the labyrinthine vasculature 
and attenuated SL observed in the uparap−/− mice result 
from multiple VEGF-C–driven lymphovascular properties 
of uPARAP. These include regulation of VEGFR-3 down-
stream signaling that triggers lymphangiogenesis and 
impairs directional LEC migration,16 modulation of Rac1 
activity,16 and control of VE-cadherin trafficking.

The intricate features of the labyrinthine vasculature 
formed of precollecting vessels appear well-suited for 
improvement of lymphatic drainage in SL. Understand-
ing the multifaceted roles of proteins such as uPARAP 
and ROCK in this context not only sheds light on their 

Figure 7 Continued.  VE-cadherin concentration and Rac1 activity promote the elaboration of a hierarchical vasculature with linear cell 
junctions. (Bottom) In the absence of uPARAP, VE-cadherin persists in recycling Rab11+ vesicles. The lower concentration of VE-cadherin at 
the cell surface, together with reduced Rac1 activity, lead to a labyrinthine vascular network with overlapping cells. This labyrinthine vasculature 
associated with attenuated lymphedema can be reproduced by ROCK inhibition or uPARAP downregulation via gapmers. B through D, A 
computational model was designed to calculate the interstitial fluid pressure and run on geometries derived from the original in vivo images 
of deeper lymphatic vessels from SL tissues. The model was run at either basal or high permeability. Images display the interstitial pressures 
around lymphatic vessels for each experimental condition. The levels of interstitial fluid pressure generated after 10 seconds of simulation are 
illustrated by a color panel (color scale ranging from 10 to 170 Pa). The graphs correspond to the average interstitial pressures in uparap-deficient 
or inhibitor-treated mice, as compared with their corresponding controls. B, uPARAP+/+ and uPARAP−/− mice (corresponding to Figure 2A). C, 
Prox1_uPARAPfl/fl and uPARAPΔLEC mice (corresponding to Figure 3E). D, Vehicle-treated and Y-27632 (ROCK)–treated mice (corresponding to 
Figure 6E).
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Figure 8. An anti-uparap gapmer induces labyrinthine vasculature with attenuated secondary lymphedema in vivo.
A, Timeline of secondary lymphedema (SL) induction in wild-type mice treated with a gapmer (G4) targeting uparap (urokinase plasminogen 
activator receptor-associated protein; n=8), a negative control gapmer (control; n=8), or PBS (n=8). The graph corresponds to the follow-up of 
the relative volume of the limb (percentage of control limb volume; dotted line=100%). Data are mean±SEM. B, Representative images of skin 
sections stained with Masson trichrome (above). Epidermis (Ep), dermis (De), and adipocytes (Ad) are delineated. Scale bars=50 µm. Graphs 
represent quantification of epidermal thickness (left) and dermis thickness (right) in SL and control skins. Data are mean±SEM. C, Z-stack 
projections of deeper Lyve-1+ lymphatic vessels in lymphedema skin. Scale bars=250 µm. D, Three-dimensional quantification of deeper Lyve-1+ 
vessels in whole-mounted SL skin samples: 3-dimensional branching density (left) and 3-dimensional tortuosity (right) as evaluated in (Continued )
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functions in lymphatic pathophysiology, but also holds 
promise for therapeutic reshaping of the lymphatic 
vasculature to facilitate fluid removal in the lymph-
edematous context. Our findings provide evidence that 
targeting uPARAP offers a novel therapeutic option for 
lymphedema.
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