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Introduction
Lymphedema is characterized by a chronic state of lymphatic vascu-
lar insufficiency with interstitial edema, inflammation, and dermal 
pathology; it affects 100–250 million individuals globally, but lacks 
effective pharmacological therapies (1–3). Whereas primary lymph-
edema occurs in either heritable or idiopathic fashion, secondary 
lymphedema results from acquired lymphatic vascular damage 
caused by cancer, cancer therapy, parasitic infection, and trauma 
(4, 5). Despite significant advancements in the last few decades, our 
knowledge about the pathogenesis and evolution of lymphedema is 
still incomplete. Pathological lymphatic vascular remodeling is crit-
ically implicated in lymphedema progression (6). Elucidating key 
molecular pathways involved in lymphatic disease and remodeling 
can facilitate the discovery of much-needed therapeutic targets.

Hypoxia inducible factors (HIFs), particularly HIF-1α and 
HIF-2α isoforms, are important mediators that govern adaptive 
responses to tissue hypoxia and inflammation (7–9). While HIF 
isoforms have substantial structural conservation and regulate 
some overlapping target genes, they also play distinct, context- 
dependent and cell-specific roles by controlling the expression of 

different target gene sets (10, 11). HIFs are well-known to regulate 
blood vascular growth and remodeling through a number of path-
ways, including the angiopoietin (ANGPT)/TIE2 cascade (12, 13). 
This signaling pathway is comprised of 2 main ligands, ANGPT1, 
ANGPT2, and TIE1, TIE2 receptors; differential interactions of 
these ligands and receptors mediate a variety of effector functions 
in vascular biology (14). As regulators of TIE2 signaling, the HIFs 
are important candidates to evaluate when considering diseases 
of blood and lymphatic circulatory systems (14–16).

Lymphedema tissue is hypoxic and chronically inflamed (17, 
18), and we found that HIF-1α was high but HIF-2α was low in 
clinical lymphedema skin. We hypothesized that HIFs play a role 
in modulating lymphatic changes in this disease. To explore this 
possibility, we employed the mouse-tail subacute lymphedema 
model, which closely simulates the volume responses, immune 
infiltration, and skin remodeling observed in clinical disease (17, 
19). Using lymphatic endothelial cell–specific (LEC-specific) Hifα 
loss- and gain-of-function transgenic mouse lines, we found that 
deletion of lymphatic Hif2α markedly exacerbated lymphedema 
compared with gene silencing of Hif1α. Even in the absence of 
lymphatic injury, reduced LEC HIF-2α was associated with pre- 
and postnatal lymphatic pathology. Conversely, augmenting LEC 
HIF-2α expression enhanced lymphatic functioning and alleviat-
ed lymphedema. Endogenous HIF-2α appears to stabilize LECs 
through tonic TIE2 activation. Consistently, augmenting lymphat-
ic TIE2 signaling through overexpressing ANGPT1 also alleviates 
lymphedema. Our study suggests that reduced lymphatic HIF-2α 
expression contributes to the evolution of lymphedema and that 
approaches augmenting HIF-2α activity hold therapeutic promise.

Pathologic lymphatic remodeling in lymphedema evolves during periods of tissue inflammation and hypoxia through poorly 
defined processes. In human and mouse lymphedema, there is a significant increase of hypoxia inducible factor 1 α (HIF-1α), 
but a reduction of HIF-2α protein expression in lymphatic endothelial cells (LECs). We questioned whether dysregulated 
expression of these transcription factors contributes to disease pathogenesis and found that LEC-specific deletion of Hif2α 
exacerbated lymphedema pathology. Even without lymphatic vascular injury, the loss of LEC-specific Hif2α caused anatomic 
pathology and a functional decline in fetal and adult mice. These findings suggest that HIF-2α is an important mediator of 
lymphatic health. HIF-2α promoted protective phosphorylated TIE2 (p-TIE2) signaling in LECs, a process also replicated by 
upregulating TIE2 signaling through adenovirus-mediated angiopoietin-1 (Angpt1) gene therapy. Our study suggests that  
HIF-2α normally promotes healthy lymphatic homeostasis and raises the exciting possibility that restoring HIF-2α pathways 
in lymphedema could mitigate long-term pathology and disability.
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HIF-2α was decreased in the lymphedematous mouse tails (Figure 
2, F and G). These data demonstrate a differential LEC expression 
pattern of HIFα subunits in lymphedema both in human and mice, 
suggesting that these HIF isoforms might play divergent roles in 
regulating lymphatic function with distinct effects on lymphatic 
pathophysiology in lymphedema.

Inducing the genetic deletion of LEC Hif2α exacerbates lymphat-
ic remodeling and aggravates lymphatic dysfunction in lymphedema. 
We confirmed that mouse lymphedema skin is hypoxic (11, 18), 
as assessed by the hypoxyprobe, pimonidazole (Supplemental 
Figure 2). To test whether LEC HIF isoforms differentially regu-
late lymphedema pathophysiology, we generated LEC-specific 
Hif1α or Hif2α loss-of-function mice by crossing Prox-1-CreERT2 
animals with mice expressing Hif1αfl/fl or Hif2αfl/fl transgene; 
reporter mice with tdTomato highlighting LECs were also created 
(Supplemental Figure 3). Whole-mount tail-skin image showed a 
strong induction of tdTomato, which marked lymphatics follow-
ing tamoxifen administration, but not in those without tamox-
ifen exposure (Supplemental Figure 4), indicating the Prox-1 
promoter-controlled CreERT2 can effectively mediate gene 
recombination in a tamoxifen-dependent manner, with negligible 
spontaneous enzymatic activity of CreERT2 in mouse skin. Immu-
nofluorescence staining further indicated that CreERT2 efficient-
ly mediated the knockout (KO) of Hif1α or Hif2α genes in LECs 
(LEC Hif1α-KO or LEC Hif2α-KO, Supplemental Figures 5 and 6). 
LEC Hif1α-KO also effectively reduced LEC HIF-1α expression 
in mice subjected to lymphatic surgery (Supplemental Figure 7). 
However, LEC-specific Hif1α deletion only modestly exacerbated 

Results
Lymphedema is characterized by increased LEC HIF-1α but reduced 
HIF-2α expression. The dermis layer in lymphedema is hypoxic and 
inflamed, and so we sought to discern how the key regulators of 
hypoxic responses might be involved. To evaluate the differen-
tial roles of HIF-1α and HIF-2α in lymphedema, we first assessed 
their expression in skin samples of clinical and preclinical lymph-
edema. Elevated HIF-1α expression in LECs was present in the 
lymphedematous limbs compared with the lateral control ones 
(Figure 1, A and B, and Supplemental Figure 1A; supplemental 
material available online with this article; https://doi.org/10.1172/
JCI136164DS1). Conversely, HIF-2α expression was decreased in 
LECs in human lymphedema (Figure 1, C and D, and Supplemen-
tal Figure 1B). These data prompted us to investigate the differen-
tial roles of LEC HIF isoforms in the development of lymphede-
ma. We used the mouse-tail model of acquired lymphedema, in 
which lymphatic dysfunction is induced by ablation of the major 
lymphatic trunks, whereas the control (sham) operation involves 
only a skin incision without lymphatic injury (Figure 2A). Lymph-
edema is quantified by tail volume changes and has a character-
istic disease progression phase for the first 2 weeks followed by a 
disease resolution period (Figure 2B). This murine model of sub-
acute, acquired lymphedema closely simulates the histopathology 
of human disease with expansion of the dermis and epidermis, and 
distortion of the epidermal/dermal junction (Figure 2C). Consis-
tent with clinical disease, mouse lymphedema groups showed an 
increased expression of HIF-1α in LECs compared with the sham 
controls (Figure 2, D and E). As with the human condition, LEC 

Figure 1. Increased HIF-1α but decreased HIF-2α expression in LECs of human lymphedema skin. (A) Representative immunofluorescence staining of 
HIF-1α (red) and Gp38 (green) in control and lymphedematous clinical samples. DAPI (blue) stains the nucleus. White dashed lines demarcate lymphatics. 
(B) Quantification of HIF-1α intensity comparing groups shown in A (n = 5). (C) Representative immunofluorescence staining of HIF-2α (red) and Gp38 
(green) of human samples. DAPI (blue) stains the nucleus. White dashed lines demarcate lymphatics. (D) Quantification of HIF-2α intensity comparing 
groups shown in C (n = 5). In B and D, data are presented as mean ± SEM; *P < 0.05; **P < 0.01; by the Mann-Whitney test. n represents numbers of 
patients. Scale bars: 60 μm (A and C).
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genesis and lymphatic remodeling in lymphedema are regulated by 
prolymphangiogenic factors derived from myeloid cells (21). Mac-
rophage-derived HIF-2α promotes M2 polarization, which influ-
ences tissue repair and remodeling (22–24). We therefore assessed 
the functional roles of HIF-2α expressed in the myeloid cell com-
partment in lymphedema development. Myeloid-specific Hif2α 
deletion was achieved through a previously established LysM-Cre–
mediated breeding strategy (22, 23) (Supplemental Figure 10A). 
Our data show that LysM-Cre–specific Hif2α knockout did not alter 
tail responses in mice with sham surgery; instead, this gene deletion 
caused a transient tail volume increase on d14–d20 after lymphatic 
surgery, and tail swelling of myeloid Hif2α-deficient mice became 
indistinguishable from control mice by d24 after lymphatic surgery 
(Supplemental Figure 10, B and C). No exacerbated skin thickening 
nor lymphatic dilation were observed in myeloid Hif2α-deficient 
mice (Supplemental Figure 10, D and E). In summary, these data 
indicate that the loss of LEC-specific Hif2α accounts (more so than 
its loss in myeloid cells) for lymphatic remodeling, worsened lym-
phatic function, and exacerbated lymphedema; the low LEC HIF-2α 
observed in preclinical and clinical disease may consequently be an 
important pathogenic contributor to disease.

tail swelling around d3–d9 with no observable differences by d14–
d24 following lymphatic surgery (Supplemental Figure 8). LEC 
Hif2α-KO mice, by contrast, developed more severe tail swelling 
during the disease progression phase at all time points (Figure 3, 
A and B). Mice lacking LEC Hif2α responded to lymphatic injury 
with severe cutaneous thickening, pronounced lymphatic vascu-
lar remodeling, and an increased lymphatic area (Figure 3, C–E). 
Loss of Hif2α expression in blood endothelial cell (BECs) leads to 
downregulation of the adherens junctional protein, VE-Cadherin 
(20). We found reduced LEC VE-Cadherin expression in lymph-
edematous skin of LEC Hif2α-KO mice compared with that of the 
WT (Supplemental Figure 9). At d24 after lymphatic surgery, LEC 
Hif2α-deficient mice suffered poor lymphatic drainage through 
initial lymphatics and elevated lymphatic leakage as measured by 
near infrared (NIR) imaging (Figure 3, F–H), which likely result 
from dysfunctional primary lymphatic valves caused by decreased 
expression of VE-Cadherin. Thus, an exaggerated loss of HIF-2α, 
below that observed in disease, made lymphedema worse whereas 
reducing HIF-1α had relatively little effect.

Cell type–specific HIF-2α function has been previously illustrat-
ed to play important roles in health and disease (12). Lymphangio-

Figure 2. Increased HIF-1α and decreased HIF-2α expression in LECs of experimental mouse-tail lymphedema skin. (A) Mouse-tail model of acquired 
lymphedema. Sham surgery involves skin incision only; lymphatic surgery includes both skin incision and thermal ablation of lymphatic trunks. (B) Tail 
volume responses following sham or lymphatic surgery in a course of 35 days. The lymphedema tail volume response curve represents a maximal tail vol-
ume increase by d14–d21, followed by modest resolution. (C) A cartoon schematic showing mouse-tail skin histology, and a representative H&E staining of 
tail tissues harvested from control mice or mice subjected to lymphatic surgery. Insets in H&E images depict normal (control) or dilated lymphatic vessels. 
Black arrows point to lymphatic vessels in the insets. Double-headed black arrows illustrate the cutaneous layer. (D) Representative immunofluorescence 
staining of HIF-1α (green) and LYVE-1 (red) of the skin tissues harvested from control mice or animals subjected to lymphatic surgery. DAPI (blue) stains 
the nucleus. White dashed lines demarcate lymphatics. (E) Quantification of the HIF-1α intensity comparing groups shown in D (n = 5). (F) Representative 
immunofluorescence staining of HIF-2α (green) and LYVE-1 (red) of mouse skin samples. DAPI (blue) stains the nucleus. White dashed lines demarcate 
lymphatics. (G) Quantification of the HIF-2α intensity comparing groups shown in F (n = 5). In E and G, data are presented as mean ± SEM; *P < 0.05; by 
the Mann-Whitney test. n represents numbers of mice. Scale bars: 200 μm (C) and 30 μm (D and F).
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TIE2 signaling to preserve airway structure and function (15). As a 
first step to investigate whether TIE2 signaling is regulated by HIF-
2α in LECs, the expression and activation of TIE2 were determined. 
TIE2 expression was significantly diminished following lymphatic 
surgery and was further reduced in LEC Hif2α-KO mice (Figure 5, 
A and B). Activation of TIE2, measured by TIE2 phosphorylation 
(p-TIE2, Y992), was also decreased in both control and LEC Hif2α-
KO lymphedematous tissue, with weaker p-TIE2 staining in sam-
ples lacking LEC Hif2α (Figure 5, C and D). These data suggest that 
loss of LEC HIF-2α leads to diminished lymphatic TIE2 expression 
and signaling, a pathological alteration that likely exacerbates lym-
phatic dysfunction and lymphedema progression. Consistent with 
this result, markedly decreased LEC TIE2 and p-TIE2 immunoflu-
orescence in the dorsal skin of LEC Hif2α-KO embryos was also 
observed (Supplemental Figure 13). Collectively, LEC cell-auton-
omous HIF-2α expression appears to regulate lymphatic develop-
ment and repair by controlling TIE2 signaling.

Exogenous ANGPT1 overcomes lymphatic injury, observed in low 
LEC HIF-2α conditions, by stimulating TIE2 signaling. Given the 
established role for TIE2 signaling in lymphatic health (28, 29), 
we sought to further characterize the relationship between lym-
phatic HIF-2α and TIE2. First, we asked whether supplying exog-
enous TIE2 ligands could alleviate HIF-2α deficiency–associated 
lymphedema exacerbation. We employed an adenovirus-mediat-
ed overexpression strategy to enhance the expression of 2 major 
TIE2 ligands, ANGPT1 (AdAngpt1) and ANGPT2 (AdAngpt2) (15). 
AdAngpt1 or AdAngpt2 viral particles were administered intra-

HIF-2α is required for lymphatic development and the mainte-
nance of adult lymphatic vasculature. HIF-2α plays pivotal roles in 
the development of microvasculature and is essential for adult vas-
cular maintenance (15, 25). We tested whether HIF-2α is required 
for lymphatic development, adopting a well-established protocol 
(26, 27), by analyzing embryonic dorsal skin lymphatic formation 
(Figure 4, A–C). Administration of tamoxifen at E10.5 and E11.5 
effectively deleted LEC Hif2α (Supplemental Figure 11), and caused 
pronounced edema around the neck area of the dorsal skin of devel-
oping embryos (Figure 4D). Whole-mount staining of VEGFR3 indi-
cated a greater gap between the leading edges of the growing dorsal 
lymphatics in the LEC Hif2α-KO embryos (Figure 4, E and F).

To test whether HIF-2α is also needed to sustain lymphatic 
homeostasis, dermal lymphatics were assessed after LEC Hif2α 
deletion in fully developed adult mice. Lymphatic capillaries 
appeared to be dilated after silencing Hif2α for 21 days (Supplemen-
tal Figure 12, A and B). In trachea, LEC Hif2α knockout also led to 
lymphatic dilation and abnormal sprouting (Supplemental Figure 
12, C and D). Further, ear skin Evans blue test illustrated decreased 
lymphatic drainage and increased lymphatic leakage in LEC Hif2α-
KO mice (Figure 4, G and H). Together, these data indicate that LEC 
HIF-2α is required for proper embryonic lymphatic development 
and maintenance of adult lymphatic structure and function.

Hif2α deletion impairs LEC TIE2 signaling in lymphedema. 
ANGPT/TIE2 signaling is required for lymphatic development and 
the maintenance of adult lymphatic vasculature (28, 29). Blood 
microvascular endothelium-derived HIF-2α regulates ANGPT1/

Figure 3. LEC Hif2α-KO augments tissue swelling and cutaneous skin thickness and exacerbates lymphatic malfunctioning. (A) Serial measurements 
of tail volume in WT and LEC Hif2a-KO mice with sham (n = 6) or lymphatic surgery (n = 8). L, lymphedema; S, sham. (B) Representative images of WT or 
LEC Hif2α-KO mouse tail 24d following lymphatic surgery. (C) Representative H&E staining of mouse-tail samples of WT or LEC Hif2α-KO mice sub-
jected to lymphatic surgery. Black arrows point to dilated lymphatic vessels; double-headed black arrows illustrate the cutaneous thickness. (D and E) 
Quantification of cutaneous thickness (D) and lymphatic area (E) comparing groups shown in C (n = 4–5). (F) Representative NIR imaging of tails of WT 
and LEC Hif2α-KO mice after lymphatic surgery. Leaked NIR dye, IRDye 800CWNHS ester, was measured 3 minutes after injection. Two separate images 
were taken for the tail segment between the injection and surgical sites, and stitched for data presentation. Retained NIR dye was measured 60 minutes 
after injection. Red arrows point to interstitial area with dye leakage, white arrows point to surgical sites. (G and H) Quantification of the leaked (G) and 
retained (H) NIR dye intensity comparing the groups shown in F (n = 5). In A, D, E, G, and H, data are presented as mean ± SEM; *P < 0.05; **P < 0.01; by 
the Mann-Whitney test. n represents numbers of mice. Scale bar: 500 μm (C).
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whereas ANGPT2 becomes a TIE2 antagonist. TNF-α activation, 
in an inflammatory microenvironment, causes the shedding of the 
TIE1 ectodomain, leading to ANGPT2-mediated inactivation of 
TIE2 (Figure 7A and refs. 31, 32). To investigate whether, in lymph-
edema, lymphatic TIE2 activation could discriminate between the 
2 adenoviral treatments, we evaluated TIE2 and p-TIE2 status in 
WT mice receiving either one of the adenoviral treatments after 
lymphatic surgery. AdAngpt1 increased both LEC TIE2 and p-TIE2 
immunofluorescence in tails of mice subjected to lymphatic sur-
gery; by contrast, administration of AdAngpt2 failed to increase 
TIE2 expression or activity (Figure 7, B–E). Based on these find-
ings, in the context of lymphedema, ANGPT2 appears to be a less 
effective agonist of the lymphatic endothelium than it is under 
homeostatic conditions.

The attrition of TIE1 may be required for the dampening of 
TIE2 signaling in lymphedema (31, 32). We analyzed TIE1 expres-
sion in different experimental groups and observed strong expres-
sion in healthy lymphatics. LEC TIE1 was attenuated in lymph-
edema whereas overexpression of ANGPT1 partially restored 
TIE1 expression; ANGPT2 failed to correct TIE1 expression in 

venously the same day as lymphatic surgery. AdAngpt1 therapy 
diminished tail swelling of mice lacking Hif2α, whereas AdAngpt2 
treatment only transiently reduced tail edema (Figure 6, A and 
B). Cutaneous thickness and lymphatic dilation were notably 
improved after AdAngpt1 treatment, but no histological differ-
ences were detected in AdAngpt2 treatment groups in tissues 
harvested at d24 (Figure 6, C–E). ANGPT1 overexpression sig-
nificantly improved lymphatic drainage and reduced lymphatic 
leakage, whereas the effect of increased ANGPT2 expression was 
limited (Figure 6, F–H). A similar trend of tail volume responses 
was observed in WT mice subjected to lymphatic injury follow-
ing AdAngpt1 or AdAngpt2 treatment (Supplemental Figure 14); 
ANGPT1 alleviated lymphedema whereas ANGPT2 did not mit-
igate lymphedema in either Hif2α-deficient or WT mice.

Given the established agonistic role of ANGPT2 for lym-
phatic endothelium (30), we were surprised that AdAngpt1 was 
more effective than AdAngpt2 in ameliorating lymphedema in 
LEC Hif2α-KO mice, raising the possibility that altered ANGPT2 
signaling occurs in lymphedema. In the blood vascular system, 
ANGPT1 plays an agonistic role in inflammatory conditions, 

Figure 4. Deletion of lymphatic endothelial Hif2α impairs dermal lymphatic development and causes adult lymphatic abnormalities. (A) Experimental 
strategy for assessing the role of deleting LEC Hif2α in embryonic lymphatic development. (B) Location of the dorsal skin harvested. (C) Cartoon diagram 
of growth of lymphatics in the embryonic dorsal skin. (D) Bright field images of E16.5 control or LEC Hif2α-KO embryos. White arrow denotes lymphedema. 
(E) Representative E16.5 embryonic dorsal skin lymphatics stained by VEGFR3. Double arrow heads denote the distance between the leading fronts of 
lymphatic vessels. (F) Quantification of relative distance to closure and relative lymphatic length comparing groups shown in E (n = 5). (G) Representative 
photographs of ears at 0 and 24 hours after injection of Evans blue dye into control or LEC Hif2α-KO ears 21 days after tamoxifen administration. White 
dots denote injection sites. The white arrow points to retrograde lymph flow, red arrows point to areas with lymphatic leakage. (H) Extravasated dye was 
measured via absorbance at 620 nm, relative intensity of retained Evans blue was then calculated (n = 4). F and H, data are presented as mean ± SEM;  
*P < 0.05; **P < 0.01; by the Mann-Whitney test. n in F represents numbers of embryos from 2 litters, n in H represents numbers of mice. Scale bars:  
2 mm (D) and 200 μm (E).
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the dilated lymphatics of mice with lymphedema (Figure 8, A 
and B). To gain further insight into whether TNF-α expression 
correlates with the paucity of lymphatic TIE1, we assessed Tnfα 
transcripts. ANGPT1 treatment reduced the expression of TNF-α 
in the lymphedematous tissues, while AdAngpt2 therapy did not 
(Figure 8C). Pan-leukocyte marker CD45 staining indicated that 
AdAngpt1 reduced immune cell infiltration of the tail skin, in con-
trast to the AdAngpt2-treated samples (Figure 8, D and E). Collec-
tively, we demonstrate that in lymphedema, ANGPT1 promotes 
lymphatic repair and alleviates lymphedema through tonic acti-
vation of TIE2 signaling. Thus, in the low HIF-2α state of lymph-
edema, inflammation may reduce LEC TIE1 expression, an action 
that renders ANGPT2 less capable of activating TIE2 pathways.

Hif2α overexpression alleviates lymphedema and enhances pro-
tective TIE2 activity. Given that LEC-specific deletion of HIF-2α 
markedly exacerbates pathological lymphatic remodeling and tail 
swelling, we asked whether augmenting LEC HIF-2α expression 
improves lymphatic function and alleviates lymphedema. We gen-
erated inducible LEC-specific Hif2α-overexpressing (Hif2α-OE) 
mice, by crossing the Prox-1-CreERT2 mice with LSLHif2α mice 
as previously described (15, 33). LEC Hif2α overexpression result-
ed in increased LEC HIF-2α expression in the tail skin of mice 
(Supplemental Figure 5), and sustained LEC HIF-2α expression 
following lymphatic surgery (Supplemental Figure 15). LEC Hif2α 

overexpression reduced tail swelling in mice with lymphedema 
surgery (Figure 9, A and B). Augmented Hif2α in LECs reduced 
cutaneous thickness, prevented lymphatic remodeling, promoted 
solute uptake, and reduced lymphatic leakage (Figure 9, C–H). We 
next examined LEC TIE2 signaling in LEC Hif2α-OE mice with 
lymphatic injury. Increased LEC TIE2 was observed in the skin 
from the diseased Hif2α–OE mice (Figure 10, A and B). Using the 
adenovirus-mediated approach (15), we found that Hif2α over-
expression fostered TIE2 mRNA transcription in human-dermal 
(HD) LECs (Figure 10C), indicating that TIE2 may be a down-
stream target of HIF-2α. Higher expression of p-TIE2 was evident 
in LECs of tissues from LEC Hif2α-OE mice subjected to lymphat-
ic surgery (Figure 10, D and E). Evaluation of TIE2 ligand expres-
sion illustrated that LEC HIF-2α overexpression restored Angpt1, 
but not Angpt2, in the skin from mice subjected to lymphatic sur-
gery (Figure 10, F and G). Additionally, we found enhanced LEC 
TIE1 expression in LEC Hif2α-OE mice after lymphedema sur-
gery (Figure 10, H and I) and significantly decreased Tnfα mRNA 
levels in Hif2α-OE mice subjected to lymphatic surgery (Figure 
10J). There was also a marked reduction of CD45+ inflammatory 
cell infiltration in the skin of LEC Hif2α-OE mice with lymphede-
ma (Supplemental Figure 16). Together, our results indicate that 
lymphatic injury, edema and inflammation reduce LEC HIF-2α 
expression, which in turn leads to decreased TIE2 expression; 

Figure 5. Deletion of lymphatic endothelial Hif2α diminishes LEC TIE2 signaling following lymphatic surgery. (A) Representative immunofluorescence 
staining of TIE2 (green) and LYVE-1 (red) of skin tissues harvested from sham groups or LEC Hif2α-KO mice with lymphatic surgery, compared to their 
littermate control. DAPI (blue) stains nucleus. White dashed lines demarcate dilated lymphatics. (B) Quantification of TIE2 intensity on LYVE-1+ cells com-
paring the groups shown in A (n = 6). (C) Representative immunofluorescence staining of p-TIE2 (green) and LYVE-1 (red) of skin tissues harvested from 
sham groups or control and LEC Hif2α-KO mice with lymphatic surgery. DAPI (blue) stains nucleus. White dashed lines demarcate dilated lymphatics. (D) 
Quantification of p-TIE2 intensity on LYVE-1+ cells comparing the groups shown in C (n = 6). In B and D, data are presented as mean ± SEM; *P < 0.05;  
***P < 0.001; by 1-way ANOVA followed by Tukey’s post hoc test. n represents numbers of mice. Scale bars: 60 μm (A and C).
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together with reduced ANGPT1, increased ANGPT2, and loss of 
TIE1 (from TNF-α–mediated ectodomain shedding), LEC p-TIE2 
is substantially downregulated. Lower TIE2 activity results in 
decreased VE-Cadherin expression. These molecular alterations 
compromise lymphatic drainage function and augment lymphat-
ic leakage, which sustain edema as well as inflammation. Genetic 
overexpression of LEC HIF-2α leads to increased TIE2 expression 
and the restoration of TIE2 signaling; these in vivo responses are 
associated with restored ANGPT1 expression, reduced TNF-α 
production, and decreased TIE1 ectodomain shedding. Increased 
TIE2 activation in LEC Hif2α-OE mice with lymphedema results 
from a combined effect of increased TIE2, normalized ANGPT1, 
as well as a likely agonistic transition of ANGPT2 associated with 
restored TIE1 availability. Collectively, these changes correlate 
strongly with the resolution of lymphedema (Figure 11).

Discussion
In the United States, cancer and its treatment (particularly surgery 
and radiotherapy) are the major causes of secondary lymphede-
ma, which now affects about 2 to 5 million cancer survivors (6, 
34). No large-scale pharmaceutical trials have been performed, 
but emerging preclinical and clinical studies suggest that targeting 
inflammatory pathways may be effective (35–37). Lymphedema 
presents in heterogeneous conditions and should benefit from the 
characterization of actionable pathogenic mechanisms in experi-
mental models. This study evaluated how HIFs, known factors for 

governing angiogenesis and maintaining blood vascular homeo-
stasis, may regulate lymphatic pathophysiology in lymphedema. 
The results suggest that augmenting HIF-2α may have value in the 
treatment of lymphedema.

We first assessed LEC HIF-1α and HIF-2α expression in lymph-
edema skin and found markedly increased HIF-1α, but decreased 
HIF-2α expression in both clinical and preclinical tissues. Our data 
indicate that lymphedematous skin is hypoxic, consistent with the 
concept that excessive interstitial tissue fluid accumulation and 
inflammatory cell infiltrates increase tissue hypoxia, providing the 
stimulus for increased HIF-1α expression (11, 18, 38). The decline 
of LEC HIF-2α, however, appears counterintuitive, and suggests 
hypoxia-independent regulation of this HIF isoform. IFN-γ and 
endotoxin lipopolysaccharide (LPS) suppress HIF-2α expression 
in macrophages (23). LPS reduces HIF-2α expression in the lung 
(39). The airway parenchyma of a rejecting transplant is charac-
terized by hypoxia and a reduction of HIF-2α (15). Together, these 
studies and our current findings support the notion that inflam-
matory mediators, particularly those attributable to Th1 immuni-
ty, may inhibit HIF-2α expression, even in the presence of signifi-
cant tissue hypoxia. Further investigation is needed to uncover the 
precise molecular mechanisms that lead to divergent HIF isoform 
expression in LECs during lymphedema progression.

LEC-specific Hif2α deletion aggravated tail edema more pro-
foundly than Hif1α deletion. HIF-1α is putatively beneficial to the 
lymphatics following injury by promoting VEGFR3 and VEGFC 

Figure 6. AdAngpt1 but not AdAngpt2 gene therapy attenuates lymphedema and improves lymphatic function in LEC Hif2α-KO mice following 
lymphatic injury. Adenoviral particles were injected intravenously on the same day when surgery was performed. LacZ adenovirus were administered as 
vector controls (AdControl). (A and B) Quantitation of tail volume responses of lymphedema mice treated with AdAngpt1 (A) or AdAngpt2 (B) (n = 5). (C) 
Representative H&E staining of samples from the AdControl-, AdAngpt1-, or AdAngpt2-treated mice with lymphatic surgery. (D and E) Quantification of 
cutaneous thickness (D) and lymphatic area (E) comparing groups shown in C (n = 5). (F) Representative NIR imaging of tails of AdControl-, AdAngpt-1, or 
AdAngpt2-treated mice after lymphatic surgery. Leaked NIR dye, IRDye 800CWNHS ester, was measured 3 minutes after injection. Two to three separate 
images were taken for the tail segment between the injection and surgical sites and stitched for data presentation. Retained NIR dye was measured 60 
minutes after injection. Red arrows point to interstitial areas with dye leakage, white arrows point to surgical sites. (G and H) Quantification of the leaked 
(G) and retained (H) NIR dye intensity comparing the groups shown in F (n = 5). In A, B, D, E, G, and H, data are presented as mean ± SEM; *P < 0.05; **P 
< 0.01; by the Mann-Whitney test (A and B) or Kruskal-Wallis test followed by Dunn’s multiple comparisons test (D, E, G, and H). n represents numbers of 
mice. Scale bar: 500 μm (C).
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from reduced TIE2 activity. Conversely, TIE2 signaling promotes 
VE-Cadherin stability by activating PI3K and AKT, which in turn 
signal through Rac1 to inactivate RhoA (42). We recently showed 
how environmental exposure to tobacco smoke downregulates 
pulmonary endothelial HIF-2α (possibly contributing to the adult 
loss of gene expression and emphysema) (43). An emerging area of 
interest will be determining, in greater detail, how an acquired loss 
of LEC HIF-2α could similarly occur in developing lymphedema.

We studied the contribution of myeloid cell–expressed HIF-
2α to lymphedema pathogenesis. Myeloid cell Hif2α deletion only 
transiently worsened tail swelling, suggesting that myeloid cell 
HIF-2α only regulates lymphatic functioning during the acute 
phase of lymphedema. Our results demonstrate that HIF-2α has 
cell context–dependent roles in lymphedema pathogenesis; LEC 
(rather than myeloid) HIF-2α appears to play the prominent role in 
promoting functional lymphatic remodeling in lymphedema.

The LEC-specific Hif2α loss- and gain-of-function genetic 
models demonstrate that HIF-2α regulates LEC TIE2 and p-TIE2 
expression in lymphedema. The importance of TIE2 signaling 
in boosting blood vascular stability during inflammation is well 
documented (44), and its role for promoting lymphatic integrity 
was recently revealed (45). HIF-2α improved lymphatic structure 

expression in LECs and by enhancing VEGFC autocrine func-
tion (40); both actions are relevant during the early postsurgical 
period (18, 21). Systemic HIF-1α inhibition exacerbated tail swell-
ing 3 weeks after lymphatic surgery (18), suggesting that HIF-1α 
expression in other cell types coordinates with LEC-derived HIF-
1α to regulate lymphatic pathophysiology. LEC HIF-2α expression 
appears to be required for better lymphatic functioning following 
surgery, indicating that HIF-2α is essential for lymphatic repair. 
Loss of LEC HIF-2α potentiated pathological lymphatic sprout-
ing and caused lymphatic dilation in lymphedema. These over-
grown lymphatics are characterized by decreased expression of 
VE-Cadherin, an adherens junctional protein that is important 
for the formation of the button-like structure and the mainte-
nance of the anatomical integrity of primary valves essential for 
interstitial fluid uptake as well as preventing retrograde lymph 
flow (41). In line with this result, NIR imaging of lymphedematous 
skin demonstrated drastically reduced fluid absorption capacity 
and increased leakage from lymphatic capillaries in LEC Hif2α-
KO mice. HIF-2α in BECs stabilizes VE-Cadherin by upregulating 
vascular endothelial protein tyrosine phosphatase (VE-PTP) (20). 
However, because LECs lack VE-PTP expression (30), declining 
levels of LEC VE-Cadherin in LEC Hif2α-KO mice may result 

Figure 7. AdAngpt1 but not AdAngpt2 treatment enhances LEC TIE2 signaling after lymphatic injury. (A) Schematic showing previously reported working 
model of ANGPT1- or ANGPT2-mediated TIE2 activity in blood vascular endothelial cells. At baseline conditions, both ANGPT1 and ANGPT2 promote TIE2 
phosphorylation (denoted by p); in inflammation, shedding of TIE1 ectodomain by TNF-α converts ANGPT2 into a TIE2 antagonist. (B) Representative 
immunofluorescence staining of TIE2 (green) and LYVE-1 (red) in skin tissues harvested from AdControl-, AdAngpt1-, or AdAngpt2-treated mice with 
lymphatic surgery. DAPI (blue) stains nucleus. White dashed lines demarcate lymphatics. (C) Quantification of LEC TIE2 intensity comparing groups shown 
in B (n = 5). (D) Representative immunofluorescence staining of p-TIE2 (green) and LYVE-1 (red) in skin tissues harvested from AdControl-, AdAngpt1-, or 
AdAngpt2- treated mice subjected to lymphatic surgery. DAPI (blue) stains nucleus. White dashed lines demarcate lymphatics. (E) Quantification of LEC 
p-TIE2 intensity comparing groups shown in D (n = 5). In C and E, data are presented as mean ± SEM; **P < 0.01; by Kruskal-Wallis test followed by Dunn’s 
multiple comparisons test. n represents numbers of mice. Scale bars: 60 μm (B and D).
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lymph flow, given that the same occurs with reduced flow in blood 
vessels (49, 50). Flow dynamics and local inflammatory cytokine 
expression may control LEC HIF-2α protein expression and regu-
late TIE2 activation.

Overexpressing ANGPT1 increased TIE2 activation and ame-
liorated experimental lymphedema, whereas ANGPT2 overex-
pression was not effective. While ANGPT2 is generally considered 
to be a TIE2 antagonist in the blood vascular system (44), it serves 
as a TIE2 agonist in LECs (30, 51, 52). Overexpressing ANGPT2 
was ineffective in promoting TIE2 phosphorylation at d24 after sur-
gery, suggesting that ANGPT2 can only conditionally promote LEC 
TIE2 activity. In the blood vasculature, TNF-α–mediated shedding 
of TIE1 ectodomain during inflammation converts ANGPT2 into 
a TIE2 antagonist (31, 53). Here, LEC TIE1 was shed in lymph-
edema in association with rising TNF-α. The diminished impact 
of AdAngpt2 over time may be because of the rise of TNF-α and 
the loss of LEC TIE1. Although TIE1 may play an inhibitory role in 
regulating TIE2 signaling in vitro (54, 55), our result is consistent 
with recent findings suggesting that cell surface TIE1 expression is 
required for an agonistic effect of ANGPT2 in vivo (31, 32, 44).

and functioning by enhancing LEC TIE2 signaling cascades. The 
increase of LEC p-TIE2 in lymphedematous skin of Hif2α gain-
of-function mice compared with that of WT appears to be a com-
bined effect of the following changes: (a) direct induction of TIE2 
expression, also supported by previous analyses (15, 46, 47); (b) 
restored ANGPT1 expression; (c) decreased tissue TNF-α expres-
sion, resulting from reduced tissue inflammation; (d) restored 
TIE1 levels, because of reduced ectodomain shedding by TNF-α; 
and lastly, (e) a possible transition of ANGPT2 to TIE2 agonist 
because of higher TIE1 expression. Because ANGPT1 activates EC 
(including both BEC and LEC) TIE2 in a paracrine fashion (14), 
restored tissue ANGPT1 expression was probably attributable to 
augmented ANGPT1 expression by perivascular mesenchymal 
cells, rather than to a direct induction of ANGPT1 in LECs. LECs 
are known to scavenge inflammatory cytokines (48), but whether 
LEC HIF-2α overexpression can directly promote TNF-α scavenge 
is not known.

Like HIF-2α, LEC TIE2 expression was significantly reduced 
in lymphedema skin, a finding recapitulated in the blood endo-
thelial cells (32). TIE2 reduction may be attributable to impaired 

Figure 8. AdAngpt1 but not AdAngpt2 treatment enhances LEC TIE1 expression after lymphatic ablation. (A) Representative immunofluorescence stain-
ing of TIE1 (green) and LYVE-1 (red) in skin tissues harvested from WT sham control, or AdControl-, AdAngpt1-, or AdAngpt2-treated mice with lymphatic 
surgery. DAPI (blue) stains nucleus. White dashed lines demarcate lymphatics. (B) Quantification of LEC TIE1 intensity comparing groups shown in A (n = 
3). (C) Real time RT-PCR analysis of Tnfα mRNA expressed in tissues from WT sham control, or AdControl-, AdAngpt1-, AdAngpt2-treated mice with lym-
phatic surgery (n = 4). (D) Representative immunofluorescence staining of CD45 (green) of dermal tissue of AdControl-, AdAngpt1-, or AdAngpt2-treated 
mice with lymphatic surgery. DAPI (blue) stains nucleus. (E) Quantification of CD45+ cells per field comparing groups shown in D (n = 5). In B, C, and E, data 
are presented as mean ± SEM; *P < 0.05; **P < 0.01; ****P < 0.0001; by ANOVA followed by Tukey’s post hoc test. n represents numbers of mice. Scale 
bars: 60 μm (A) and 30 μm (D).
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tissues. HIF-2α promotes functional lymphatic remodeling and 
drainage capacity and alleviates lymphedema through enhance-
ment of TIE2 signaling. By contrast, LEC HIF-1α impacts lymph-
edema volume responses only transiently. Our data suggest that 
therapeutic augmentation of HIF-2α–mediated pathways are 
promising therapeutic avenues for lymphedema patients.

Methods
Mice. All mice were purchased from Jackson Laboratory. Detailed 
catalog information: C57BL/6J (B6; H-2b), Prox1tm3(cre/ERT2)Gco/J (Prox1- 
CreERT2), B6.129-Hif-1αtm3Rsjo/J (Hif1αfl/fl), Epas1tm1Mcs/J (Hif2αfl/fl),  
B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)HZe/J (LSLtdTomato), B6.129S6(C)- 
Gt(ROSA)26Sortm4(HIF-2α*)Kael/J (LSLHif2α), B6.129P2-Lyz2tm1(cre)Ifo/J (LysM-
Cre). To create lymphatic endothelial specific knockout transgenic 
strains, mice expressing Prox1-CreERT2 were crossed with Hif2αfl/fl 
or Hif1αfl/fl to achieve the following genotypes: LEC Hif2α-KO: Prox1-
CreERT2, Hif2αfl/fl and LEC Hif1α-KO: Prox1-CreERT2, Hif1αfl/fl. To 
create myeloid cell–specific Hif2α knockout strain, mice expressing 
LysM-Cre were crossed with mice with Hif2αfl/fl transgenes. To gen-
erate lymphatic endothelial gain-of-function transgenic strains, mice 
expressing Prox1-CreERT2 were crossed with LSLHif2α to produce 
LEC Hif2α-OE: Prox1-CreERT2, LSLHif2α. Cre-mediated recombina-
tion of LSLHif2α leads to the expression of a HIF-2α variant that cannot 
be hydroxylated and degraded (33). Mice expressing Prox1-CreERT2 
were crossed with LSLtdTomato mice to generate reporter mice, in 
which LECs are labeled with tdTomato fluorescence. Cre-negative 
loxp-positive littermates were used as WT controls. Subcutaneous 

Our data show that LEC-specific Hif2α deletion interfered 
with dorsal skin lymphatic development in embryos and caused 
abnormal lymphatic remodeling in adult mice. A marked decline 
of TIE2 and p-TIE2 immunofluorescence was observed in LECs 
of the developing embryo dorsal skin, indicating that LEC cell- 
autonomous HIF-2α expression may regulate lymphatic develop-
ment by controlling TIE2 signaling. Activation of this latter path-
way is required for normal lymphatic development and mainte-
nance (29, 51, 52, 56, 57).

Our study has several limitations. For the TIE1 study, we 
only provided correlative evidence to indicate that intact TIE1 is 
critical for ANGPT2-mediated TIE2 activation in lymphedema. 
Future studies with LEC-specific Tie1 knockouts will be necessary 
to definitively show that the agonistic effect of ANGPT2 requires 
the presence of TIE1 on LECs during inflammation. Absence of 
VE-PTP in LECs permits ANGPT2 to activate TIE2 signaling (30); 
whether and how VE-PTP expression may be altered in lymphede-
ma requires further evaluation. The therapeutic effect of enhanced 
ANGPT1 for lymphedema may also be attributed to an effect on 
limiting blood vessel permeability and reducing the generation of 
interstitial fluid. Addressing this possibility will require the ongo-
ing refinement of preclinical models. Future studies can also elu-
cidate the function of HIF-2α in collecting lymphatics and wheth-
er HIF-2α and VEGFC/VEGFR3 signaling pathways converge to 
coordinate lymphangiogenesis and lymphatic remodeling.

In summary, this study provides both clinical and preclini-
cal evidence that LEC HIF-2α is downregulated in lymphedema 

Figure 9. LEC Hif2α-OE mice subjected to lymphatic injury exhibit diminished tail swelling and improved lymphatic function. (A) Serial tail volume 
measurement of control and LEC Hif2α-OE mice with lymphatic surgery (n = 8). (B) Representative images of control or LEC Hif2α-OE tail 24 days following 
lymphatic surgery. (C) Representative H&E staining of tails of control or LEC Hif2α-OE mice with lymphatic surgery. Black arrows point to dilated lymphat-
ics, double-headed black arrows illustrate the cutaneous thickness. (D and E) Quantification of cutaneous thickness (D) and lymphatic area (E) compar-
ing groups shown in C (n = 5). (F) Representative NIR imaging of tails of control and LEC Hif2α-OE mice with lymphatic surgery. Leaked NIR dye, IRDye 
800CWNHS ester, was measured 3 minutes after injection, 2 separate images were taken for the tail segment between the injection and surgical sites and 
stitched for data presentation. Retained NIR dye was measured 60 minutes after injection. Red arrow points to interstitial areas with dye leakage, white 
arrows point to surgical sites. (G, H) Quantification of the leaked (G) and retained (H) NIR dye intensity comparing the groups shown in F (n = 5). In A, D, E, 
G, and H, data are presented as mean ± SEM; *P < 0.05; **P < 0.01; by Mann-Whitney test. n represents numbers of mice. Scale bars: 500 μm (C).

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/10


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

5 5 7 2 jci.org   Volume 130   Number 10   October 2020

with this animal model. We excluded mice with self-inflicted mutila-
tion or severe skin abrasion, severe infection, or tail necrosis because 
of loss of blood supply due to surgery. Tail images were taken through 
a digital photographic technique preoperatively (d0) and postoper-
atively (d3–d24), using an Olympus D-520 Zoom digital camera at 
high-quality resolution at a fixed distance from the subject. Tail vol-
umes were calculated using the truncated cone approximation as we 
previously described (35).

Ear Evans blue drainage test. Mice were anesthetized with ket-
amine-xylazine mixture as used in the surgery, and 3 μL of 1% Evans 
blue dye solution (E2129, MilliporeSigma) was injected into both 
ears using tuberculin syringe. Pictures of ears were taken immedi-
ately and 24 hours after. Subsequently, the ears were collected for 
Evans blue dye extraction, following a previously established proto-

injection of tamoxifen (Sigma, T5648) at a concentration of 200 mg/
kg for 3 consecutive days was used to activate Cre activity. Age of mice 
used for experiments was 8 weeks.

Surgical induction of experimental lymphedema. Acquired lymph-
edema was surgically induced in tails of mice (including both males 
and females) through the thermal ablation of the lymphatic trunks 
and dermal lymphatic capillaries as previously described (17, 35). 
Briefly, a full-thickness-skin circumferential incision was made about 
2 cm distal to the base of the mouse tail under anesthesia induced by 
ketamine (50 mg/kg) and xylazine (10 mg/kg) mixture. Lymphatic 
trunks were ablated through cautery. Mice of control sham surgery 
only received skin incision.

Tail volume quantification. Criteria for exclusion of mice for tail 
volume analysis were preestablished on the basis of our experience 

Figure 10. LEC-specific Hif2α overexpression enhances TIE2 signaling. (A) Representative immunofluorescence staining of TIE2 (green) and LYVE-1 (red) 
of skin tissues harvested from control and LEC Hif2α-OE mice with lymphatic surgery. DAPI (blue) stains nucleus. White dashed lines demarcate dilated 
lymphatics. (B) Quantification of TIE2 intensity on LYVE-1+ cells comparing the groups shown in A (n = 6). (C) PCR analysis of TIE2 expression. HDLECs 
treated with adenoviral vector expressing Hif2α for 72 hours were subjected to RT-qPCR analysis. Empty viral vectors (AdControl) were used as controls. 
(D) Representative immunofluorescence staining of p-TIE2 (green) and LYVE-1 (red) of skin tissues harvested from control and LEC Hif2α-OE mice with 
lymphatic surgery. DAPI (blue) stains nucleus. White dashed lines demarcate dilated lymphatics. (E) Quantification of p-TIE2 intensity on LYVE-1+ cells 
comparing the groups shown in D (n = 5). (F and G) Real time RT-qPCR analysis of expression of Angpt1 (F) or Angpt2 (G) in skin tissues harvested from 
control or LEC Hif2α-OE mice. Angpt1 and Angpt2 expression in tissues with sham surgery was set as baseline (n = 4). (H) Representative immunofluores-
cence staining of TIE1 (green) and LYVE-1 (red) of skin tissues harvested from control and LEC Hif2α-OE mice with lymphatic surgery. DAPI (blue) stains 
nucleus. (I) Quantification of TIE1 intensity on LYVE-1+ cells comparing groups shown in H (n = 5). (J) Real-time RT-qPCR analysis of Tnfα mRNA expressed 
in tissues from control or LEC Hif2α-OE mice subjected to lymphatic surgery (n = 3). In B, C, E–G, I and J, data are presented as mean ± SEM; *P < 0.05;  
**P < 0.01; by the Mann-Whitney test (B, C, E, I, and J) or by 1-way ANOVA followed by Tukey’s post hoc test (F and G). n represents numbers of mice. Scale 
bars: 60 μm (A and D) and 30 μm (H).
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HIF-2α (1:50; catalog NB100-122, Novus); anti-VE-Cadherin (1:50; 
catalog 550548, BD Bioscience). Secondary antibodies were labeled 
with the fluorochromes Alexa Fluor 488 or Alexa Fluor 594 (1:200; 
Invitrogen). Nuclei were stained with DAPI (Vector Laboratories). 
Photomicrographs were taken with a Zeiss LSM 710 laser scanning 
confocal microscope with Zeiss LSM Image Browser software. Z-stack 
was used to obtain low magnification images. In those experiments 
with cell number counting, stained cells were counted in 8 optical 
fields per section based on at least 5 sections from different samples.

Trachea and embryonic dorsal skin whole-mount immunofluorescence 
staining. Tracheas were harvested and fixed in 1% PFA in PBS for 1 hour 
at 4°C, followed by washing with PBS containing 0.1% Triton X-100, 
and 0.2% BSA. Tracheas were then permeabilized and stained with 
PBS containing 0.5% Triton X-100, 0.2% BSA, 0.1% sodium azide, and 
the primary antibody at the following dilution: LYVE-1 (1:500; catalog 
11-034, AngioBio). Embryo skin was fixed in 4% PFA for 1 hour at 4°C. 
Samples were stained with VEGFR3 antibody (1:250, AF743, R&D Sys-
tems). Secondary antibody used was Alexa Fluor 488 (Jackson Immu-
noResearch Laboratories). Samples were mounted with Vectashield 
Antifade Mounting Medium with DAPI. Slides were examined with a 
Zeiss LSM 710 Confocal Microscope using the Zen software.

Morphometric measurements. Quantification of the lymphatic area 
was carried out in the tile-scanned H&E images by using ImageJ as we 
previously described (35). Briefly, total area of the lymphatic vessel in 
a section was calculated and then compared. We also tested lymphat-
ic quantification by using the immunofluorescence images (stained by 
LYVE-1), which showed an outcome comparable to the H&E images.  

col (58). Briefly, dye was extracted from the ears by incubation for 2 
days in 500 μL of formamide at 55°C with gentle, constant agitation. 
The amount of dye retained in the tissue was then determined by 
measuring the absorbance at 620 nm. Relative amount of retained 
dye was subsequently calculated.

Lymphatic drainage and leakage tests by NIR imaging. Lymphatic 
drainage and leakage tests were evaluated by NIR imaging and dye 
quantification as previously described (21, 59). Briefly, 10 μL IRDye 
800CW NHS Ester conjugated to 40 KDa PEG (60) was injected 
intradermally; NIR images were taken 3 minutes or 60 minutes after 
dye injection by an Olympus microscopic imaging system (MVX10). 
ImageJ was used to evaluate dye intensity. Dye intensity obtained 
from the injection site was used to estimate dye retention, with higher 
intensity indicating compromised drainage. Intensity measured from 
the proximal interstitial areas were used to estimate lymphatic leak-
age. Relative intensities were calculated and presented.

Immunofluorescence staining. Frozen sections were used for 
immunohistochemistry. Tissues were snap-frozen in OCT solution 
(Sakura Finetek) after harvest. H&E or immunofluorescent staining 
was performed using 8 μm sections. Anti-LYVE-1 (1:50; LSBio cata-
log C106690) and anti-Gp38 (1:50; catalog M3619, Dako) antibodies 
were used to stain LECs. Other antibodies used included: anti-TIE2 
(1:50; catalog AF762, R&D Systems), anti-p-TIE2 (recognizing the 
phosphorylation site Y992) (1:100; catalog AF2720, R&D Systems), 
anti-TIE1 (1:50; catalog AF619 R&D Systems), anti-CD45 (1:50; cata-
log 140451-81, eBioscience), anti-VEGFR3 (1:50; catalog AF743 R&D 
Systems), anti-HIF-1α (1:50; catalog NB100-449, Novus) and anti-

Figure 11. Schematic diagram showing LEC HIF-2α promotes lymphedema resolution by regulating TIE2 signaling. Lymphatic injury-caused edema and 
inflammation lead to reduced LEC HIF-2α expression, decreased tissue ANGPT1, increased ANGPT2 and TNF-α, and lower TIE1 expression (attributable 
to TNF-α–mediated ectodomain shedding). These changes collectively suppress LEC TIE2 activity and reduce the expression of the adherens junctional 
protein VE-Cadherin. Reduction of VE-Cadherin compromises lymphatic function, as evidenced by reduced interstitial drainage and increased lymphatic 
leakage, which exacerbates tissue edema and inflammation. When LEC HIF-2α is overexpressed, TIE2 and p-TIE2 expression increase, and lymphatic 
function, tissue inflammation, and edema improve. This resolution is accompanied by ANGPT1 restoration, declined TNF-α–mediated TIE1 shedding, and a 
possible agonistic switch wherein ANGPT2 strengthens LEC TIE2 signaling.
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sentative area from large, stitched images for data presentation. For 
quantification of lymphatic development in the dorsal skin, compara-
ble regions between different samples were selected and cropped out 
for further analysis. ImageJ was used to measure relative distance to 
closure and relative lymphatic vessel length per mm2 area.

Statistics. GraphPad Prism version 8.0 was used for statistical 
analysis. Differences between 2 groups at a single time point were 
compared using the Mann-Whitney test. For comparisons between 
multiple experimental groups at a single time point, Kruskal-Wallis 
test followed by Dunn’s multiple comparisons test or 1-way ANOVA 
followed by Tukey’s multiple comparison test were used. All analyses 
were considered statistically significant at P less than 0.05.

Study approval. All animal procedures were approved by Stanford’s 
Administrative Panel on Laboratory Animal Care (APLAC) and the VA 
Palo Alto Institutional Animal Care and Use Committee (IACUC). 
Evaluation of human tissue was approved by the Stanford Institutional 
Review Board (protocol 7781). Adult patients with acquired lymphede-
ma of upper extremity were assessed. Control samples were derived 
from the healthy contralateral limb of the same patient.
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Quantification data presented were those using H&E images. For 
immunofluorescence staining quantification, HIF-1α, HIF-2α, TIE2, 
p-TIE2, TIE1, and VE-Cadherin intensity on LYVE-1+ LECs were cal-
culated as area density (total intensity/area); area refers to LYVE-1+ 
LEC areas. Intensity was then normalized to control, which was set to 
1. Number of infiltrated immune cells in tail skin with lymphedema sur-
gery was quantified based on at least 6 high power fields per sample.

Real-time reverse transcription quantitative PCR (RT-qPCR). Tail 
skin samples were first incubated in RNAlater solution (Invitrogen) 
overnight at 4°C. Total RNA was then isolated using the RNeasy 
Fibrous Tissue Mini Kit (catalog 74704, Qiagen) following the man-
ufacturer’s protocol. For HDLEC (catalog C12217, MilliporeSigma) 
culture, cells were first detached from culture dishes and then col-
lected. Total RNA was then isolated using the Qiagen Shredder (cat-
alog 79654, Qiagen) and RNeasy Mini Kit (catalog 74104, Qiagen) 
following the manufacturer’s protocol. RT-PCR was performed using 
FastStart SYBR Green (Roche) on a Lightcycler 480. mRNA expres-
sion relative to 18S mRNA expression was calculated using the del-
ta-delta threshold cycle (ΔΔCT) method. PCR primers used: TIE2: 
CCCAAGCCTTCCAAAACGTG (forward), TTGCCCTCCCCAAT-
CACATC (reverse); Tnfα: ATGGCCTCCCTCTCATCAGT (forward), 
ATAGCAAATCGGCTGACGGT (reverse); Angpt1: CTACCAACAA-
CAACAGCATCC (forward), CTCCCT TTAGCAAAACACCTTC 
(reverse); Angpt2: CTGTGCGGAAATCTTCAAGTC (forward), TGC 
CATCTTCTCGGTGTT (reverse); 18S: GAATCGAACCCTGATTC-
CCCGTC (forward), CGGCGACGACCCATTCGAAC (reverse).

Systemic adenovirus therapy. For ANGPT1, ANGPT2 overexpres-
sion experiments, adenoviral vectors expressing either ANGPT1 
(AdAngpt1) or ANGPT2 (AdAngpt2) were intravenously injected ret-
roorbitally same day as the lymphedema surgery was performed. 
Adenoviral vector expression LacZ (AdLacZ) was used as control. The 
concentration of each type of virus used was 1 × 109 PFU as established 
by prior studies (15, 61).

Embryonic lymphatic development study. To induce Cre-mediated 
recombination during embryonic stage, pregnant mice were injected 
i.p. with 2 mg tamoxifen (MilliporeSigma, T5648) for 2 consecutive 
days (E10.5–E11.5). Skin tissues were harvested at E16.5. Standard 
whole-mount immunofluorescence staining procedure was carried 
out to stain the dorsal skin of the embryos. Images were taken by using 
Zeiss LSM 710 laser scanning confocal microscope with Zeiss LSM 
Image Browser software (as detailed above). Stitch imaging mode was 
chosen to image samples of large size. ImageJ was used to crop repre-
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