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PURPOSE. We recently reported that the glycosaminoglycan hyaluronan (HA), which promotes
inflammatory angiogenesis in other vascular beds, is an abundant component of the limbal
extracellular matrix. Consequently, we have explored the possibility that HA contributes to
lymphangiogenesis in the inflamed cornea.

METHODS. To study the role of HA on lymphangiogenesis, we used mice lacking the
hyaluronan synthases and injury models that induce lymphangiogenesis.

RESULTS. Here we report that HA regulates corneal lymphangiogenesis, both during post-natal
development and in response to adult corneal injury. Furthermore, we show that injury to the
cornea by alkali burn upregulates both HA production and lymphangiogenesis and that these
processes are ablated in HA synthase 2 deficient mice.

CONCLUSION. These findings raise the possibility that therapeutic blockade of HA-mediated
lymphangiogenesis might prevent the corneal scarring and rejection that frequently results
from corneal transplantation.

Keywords: lymphatic vessels, extracellular matrix, glycosaminoglycans, hyaluronan, limbus,
inflammation

Lymphatic vessels have vital roles in the drainage of tissue
interstitial fluids and the return of inflammatory cell

subtypes to the circulation.1,2 The lymphatics are an integral
component of the circulatory system; however, the molecular
mechanisms underpinning their development are only now
becoming clear. The cornea is an immunologically and
angiogenically privileged tissue, and therefore lacking both
blood and lymphatic vessels, although lymphatic vessels drain
the nearby limbal region and the adjacent subconjunctiva.3,4

The limbus forms the border between the transparent cornea
and the conjunctiva, separating the optically clear cornea from
the opaque sclera.5 The limbus contains blood vessels and
lymphatic vessels that arise primarily from the anterior ciliary
arteries and lymphatic vessels, which are connected to the
conjunctival lymphatic network.6 Lymphatic and blood vessels
are not distributed homogeneously within the limbus but rather
predominate within the nasal region, where they proliferate in
response to inflammation and injury.2,6

The lymphatic system has an important role in regulating
inflammation, immunity, and tissue repair after injury. More-
over, inflammatory stimuli may themselves trigger the sprout-
ing of new lymphatic vessels in a process termed
lymphangiogenesis.7 The outgrowth of such vessels from the
limbus into the central cornea can lead to reduced transparency
and consequent reduction of visual acuity. Hence, corneal
lymphangiogenesis and angiogenesis lead to the loss of both
immune privilege and vision. Substantial evidence suggests that
lymphangiogenesis is a strong risk factor for corneal transplan-

tation rejection, and recent studies have shown that inhibiting
corneal neovascularization can promote graft survival in a
murine model of corneal transplantation.8,9 Indeed, corneal
blindness due to scarring, lymphangiogenesis, and angiogenesis
is currently the fourth leading cause of vision loss worldwide.
Consequently, an adequate understanding of biological pro-
cesses that regulate the formation of new lymphatic and blood
vessels after injury is imperative for the development of
potential new therapies.

The precise regulatory mechanisms that govern lymphan-
giogenesis are yet to be fully understood. The vascular
endothelial growth factor (VEGF) family members—namely
VEGF-A, -B, -C, and -D—have been shown to mediate
angiogenesis and lymphangiogenesis.10,11 Seminal studies
have shown that VEGF-C has an important role in stimulating
lymphatic endothelial cell (LEC) growth.12,13 Further studies
have shown that lymphangiogenesis is primarily mediated by
VEGF-C and -D, which bind the tyrosine kinase linked receptor
VEGFR3 expressed by LECs.14,15 Both hypoxia and inflamma-
tion trigger the release of members of the VEGF family from
inflammatory cells to stimulate angiogenesis and lymphangio-
genesis. Studies have shown that other growth factors
including hepatocyte growth factor (HGF), insulin-like growth
factors 1 and 2, platelet-derived growth factor B (PDGF-B), and
fibroblast growth factor (FGF) also regulate proliferation,
migration, and survival of LECs either in a VEGFR-3-indepen-
dent or -dependent manner.16,17
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For decades, research into the mechanisms of lymphangio-
genesis has been limited by the difficulty of visualizing
lymphatic vessels in tissues.18,19 However, in recent years, a
number of highly specific lymphatic vessel markers have been
identified—most notably, the lymphatic vessel endothelial
hyaluronan receptor 1 (LYVE-1),20 a close relative of the
leucocyte HA receptor CD44.21 Recently, LYVE-1 was shown to
mediate the entry and trafficking of dendritic cells via
lymphatic vessels, as well as lymph-borne clearance of
inflammatory macrophages from the infarcted myocardium
through interaction with HA in the leucocyte surface
glycocalyx.22,23 Importantly, the interaction of LYVE-1 with
low molecular weight HA (LMWHA) oligosaccharides has also
been shown to transduce signals for lymphangiogenesis and
lymphatic endothelial cell migration in vitro through the
phosphorylation of both ERK1/2 and PKC a/b II in LECs.24

However, whether HA has a role in lymphatic vessel
development or inflammatory lymphangiogesis in vivo remains
unknown.

HA is a high molecular weight glycosaminoglycan (GAG)
composed entirely of repeating disaccharide units of D-
glucuronic acid (GlcA) and N-acetylglucosamine (GlcNAc),
which are alternately linked by b-1,3- and b-1,4-glycosidic
bonds. HA is naturally synthesized by a class of integral
membrane proteins called hyaluronan synthases (HASs), of
which vertebrates have three types: HAS1, HAS2, and HAS3.
Studies have shown that primarily two forms of HA are
produced by HAS enzymes: high molecular weight HA
(HMWHA) of approximately 2000 kDa and LMWHA of
approximately 200 kDa. The size of the HA chains range from
HMWHA to LMWHA and can dictate the physiological function
and composition of specific HA matrices. We have recently
shown25 that HA matrices are present around umbilical cord
mesenchymal stem cells and can actively suppress inflamma-
tory cells, enabling these stem cells to evade host xenograft
rejection. We have also shown that a specific type of HA matrix
is synthesized by glial cells after brain and spinal cord injury,
forming a principal constituent of the glial scar.26 Further, we
have shown that HA regulates limbal stem cell fate in the
cornea.27

Our recent work in the cornea has demonstrated that HA is
present primarily in the limbal region.27 Given that both
lymphatic vessels and HA are present in this region and that
such vessels express HA receptors (particularly LYVE-1 at high
densities), we investigated whether HA could play a role in
regulating corneal lymphangiogenesis. Here, we can now
report that HA indeed regulates corneal lymphangiogenesis,
both during development and after injury. In addition, we
show that during development, HA is present throughout the
cornea and that HA matrices can act as platforms for the
growth of lymphatic vessels into the cornea. These studies
reveal an important role for HA in regulating corneal
lymphangiogenesis in the limbal stem cell niche, raising the
possibility that a blockade of HA receptor interactions might be
used to prevent both corneal scarring after injury and corneal
rejection after transplant surgery.

MATERIALS AND METHODS

Animal Maintenance

To study the role of HA in lymphangiogenesis, knock-out mice
for different hyaluronan synthases were used as previously
described.27 In short, combined Has1

28 and Has3
29 null mice

(HAS1
�/�

;HAS3
�/�) were generated by mating. Since single

constitutive Has1 and Has3 null mice are healthy and viable,
we opted to maintain these mice as double constitutive knock-

out mice. However, Has2 null mice are embryonic lethal;
therefore, conditional knock-out mice were generated to remove
Has2 from the corneal and limbal epithelium. For this task,
transgenic mouse lines K14-rtTA (stock number 008099) and
tetO-cre (TC) (stock number 006224) were obtained from The
Jackson Laboratory and bred with Has2 floxed mice
(HAS2

flox/flox)30 to generate compound K14-rtTA, tetO-cre, and
HAS2

flox/flox transgenic mice as previously shown.25,27,31 Admin-
istration of doxycycline chow was used to induce K14-driven
persistent and irreversible excision of Has2 in tetratransgenic
mice (K14-rtTA; TC; HAS2

flox/flox) generating HAS2
D/DCorEpi. The

ablation of Has2 in K14þ cells was induced from embryonic day
zero (E0) when dams were placed on doxycycline chow upon
mating ad libitum in lieu of regular chow (Dox Diet #AD3008S;
Custom Animal Diets, Easton, PA, USA). When combined K14-

rtTA, tetO-cre, and HAS2
flox/flox mice were fed doxycycline chow,

the floxed Has2 gene was ablated from corneal epithelial cells
and limbal epithelial stem cells, generating HAS2

D/DCorEpi mice.
K14-rtTA, tetO-cre, and HAS2

flox/flox single or double transgenic
mice were used as controls. These littermate controls were
housed together with HAS2

D/DCorEpi mice and also maintained
on Doxy chow, ensuring that our observations were not due to
the inhibition of inflammation-induced lymphangiogeneis by
doxycycline.32 As mentioned, HA is synthesized by a HAS, of
which there are three isoforms; Has1, Has2, and Has3. Our
HAS1

�/�
;HAS3

�/� mice express solely HAS2, while the
HAS2

D/DCorEpi mice lack HAS2 expression in K14 expressing
cells (which include corneal epithelial and limbal epithelial cells)
but HAS2 expression is present in all other cell compartments.
HAS2

D/DCorEpi mice also express HAS1 and HAS3 in all cell
compartments (including corneal epithelial and limbal epithelial
cells). C57/BL6 mice were obtained from The Jackson Laboratory
and were also used as controls. Mice were bred and housed in a
temperature-controlled facility with an automatic 12-hour light-
dark cycle at the Animal Facility of the University of Houston.
The identification of each transgenic allele was determined by
PCR genotyping with tail DNA using specific primer pairs.
Experimental procedures for handling the mice were approved
by the Institutional Animal Care and Use Committee at the
University of Houston. Animal care and use conformed to the
ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research.

Alkali Burn

The alkali burn method used in this study limits the alkali burn
area to the central cornea, thereby limiting damage to the
limbal stem cell area, as previously discussed.25 In preparation
for the alkali burn, the mice were provided with carprofen gel
packs (MediGel CPF; ClearH2O, Portland, ME, USA) 24 hours
before the procedure and maintained on them for 4 days
following the procedure. The mice were anesthetized by
intraperitoneal injection of ketamine hydrochloride (80 mg/kg)
and xylazine (10 mg/kg). The eyes were then rinsed with
sterile PBS and topically anesthetized with a drop of
proparacaine. Alkali burns were produced by placing a circular
3MM chromatography paper (Whatman, 1-mm diameter;
Sigma-Aldrich Corp., St. Louis, MO, USA) previously soaked in
0.1 M sodium hydroxide onto the central cornea for 1 minute
and 15 seconds, after which the filter paper was removed and
the eye washed continuously with sterile PBS for 1 minute. The
corneas were analyzed at 1, 3, 7, 10, and 14 days after alkali
burn to study the formation of new lymphatic vessels after
injury and ascertain whether lymphangiogenesis is correlated
with HA expression. For tissue collection, the mice were
euthanized by CO2 inhalation and the eyeballs enucleated and
immersion fixed in 2% buffered paraformaldehyde for 30
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minutes. At least six corneas were analyzed for each
experimental point.

Intrastromal Injection

In preparation for the intrastromal injection, mice were
provided with carprofen gel packs 24 hours before the
procedure. Mice were anesthetized by intraperitoneal injec-
tion of ketamine hydrochloride (80 mg/kg) and xylazine (10
mg/kg). The intrastromal injection was carried out as
previously described.25 Briefly, a small slit was made in the
anterior stroma in the mid-periphery of the cornea with a 27G
beveled needle (Monoject, 27G 3 1/2’’; BD Precisionglide,
Becton Dickinson and Co., Franklin Lakes, NJ, USA).

Thereafter, the needle tip was moved sideways to create a
small stromal pocket. A blunt 27G needle attached to a 10 lL
syringe (Hamilton) was used to inject 2 lL of 0.2% LMWHA,
0.2% HMWHA or PBS (vehicle control) into the corneal
stroma of HAS2

D/DCorEpi mice. The success of the intra-
stromal injection was monitored by verifying transient
opacity in the central cornea immediately after the injection.
The procedure was carried out under a ZEISS stemi 508
microscope in sterile conditions. The lymphatic vessel
branches were then counted by two independent investiga-
tors in a blinded manner. At least six corneas were analyzed
for each experimental point.

Corneas Obtained During Different
Developmental Time-Points

Heads were obtained from pups at post-natal day 5 (P5), and
eyeballs were obtained from mice at P12 and P26. Under a
dissection microscope, the eyeball along with the eyelid was
removed from P5 heads; thereafter, the eyelid was carefully
peeled away and the eyeball separated and dissected to remove
the cornea. Four to six corneas were analyzed for each
experimental point.

Whole Mount

Mice were euthanized by CO2 inhalation and eyeballs
immediately excised and fixed in 4% paraformaldehyde for 30
minutes. The eyeballs were then washed three times with PBS,
treated for 30 minutes with 0.2% sodium borohydride,
thereafter extensively washed in PBS. The cornea button was
then removed, and subsequently four small peripheral
incisions were made to enable flat mount. Corneas were
blocked overnight in 10% FBS in PBS containing 0.01 M
saponin. Corneas were then incubated overnight with rabbit
anti-LYVE-1 (Abcam, ab14917) or biotinylated hyaluronan-
binding protein (Millipore, 385911) prepared in block solution
at 48C under agitation. The corneas were then washed in PBS
and subsequently incubated with donkey anti-rabbit conjugat-
ed with Alexa Fluor 488 (Invitrogen) or Neutravidin555
(Invitrogen) prepared in block solution overnight at 48C under
agitation. Corneas were finally incubated with DAPI and
mounted in ProLong Gold antifade reagent (Invitrogen). Entire
corneas were scanned under an LSM 800 confocal microscope
using the tiling mode and analyzed using the Zen Image
software (Zeiss). Multiple z-stack tiles were captured encom-
passing the entire cornea using either the 10x or 20x objective
and frames processed together (using the stitching mode
followed by full orthogonal projection) into a single image.

Real-time PCR

Corneas were isolated from HAS1
�/�

;HAS3
�/�, HAS2

D/DCorEpi

and wild-type mice 1 week after alkali burn to analyze the

expression profile of genes related to hemoangiogenesis,
lymphangiogenesis, and inflammation. At least 5 samples
were used per experimental point and analyzed separately.
The samples were stored at�808C until mRNA isolation. Total
mRNA was isolated from the corneas using Trizol Reagent
(Invitrogen, Carlsbad, CA, USA), and RNA concentration and
purity were determined using a spectrophotometer at 260
and 280 nm. First strand cDNA was synthesized from 1.5 lg of
total RNA using the high capacity cDNA Reverse Transcrip-
tion kit (Applied Biosystems, catalog 4368814, lot 00593854)
according to the manufacturer’s instructions. Quantitative
real-time PCR amplification was carried out using 50 ng of the
cDNA (1:5) and the Powerup SYBR Green Master Mix kit
(Applied Biosystems, Catalog number A25918) using a BIO-
RAD CXF Connect Real-time System. Amplification consisted
of an activation cycle of 958C for 10 minutes followed by 40
cycles of 958C for 15 seconds and 608C for 1 minute. The
p r i m e r s e q u e n c e s u s e d w e r e P r o x 1 f o r w a r d
5 0TCACCAGTAAGACATCACCGC3 0 and rever se 5 0

CTAGAGAGTCCGCTGGCTTG3 0, CD31 forward 5 0

C T G T G A A AG AG G G G AC G AG C 3 0 a n d r e v e r s e 5 0

AGCCTTCCGTTCTTAGGGTCG3 0, and IL1b forward 5 0

G T G C A AG T G T C T G A AG C A G C 3 0 a n d r e v e r s e 5 0

CTCATCACTGTCAAAAGGTGGC3 0. Gene expression levels
w e r e n o r m a l i z e d a g a i n s t A c t b f o r w a r d 5 0

T C AT C C AT G G C G A A C T G G T G 3 0 a n d r e v e r s e 5 0

CGCAGCCACTGTCGAGTC3 0, and GAPDH forward 5 0

A A C A G C A A C T C C C A C T C T T C 3 0 a n d r e v e r s e 5 0

CCTGTTGCTGTAGCCGTATT3 0 using the 2�DDCt method.
The specificity of the amplified products was analyzed
through dissociation curves generated by the equipment
yielding single peaks.

Lymphatic Endothelial Cells

Primary hDLECs isolated from the dermis of juvenile foreskin
were purchased from Promocell (C-12216; Promocell, Heidel-
berg, Germany), and primary hLLECs isolated from human
lymph node were purchased from ScienCell (Cat. No. 2500;
Sciencell Research Laboratories, CA, USA). The cells were
cultured in Endothelial Cell Basal Medium MV2 with Supple-
ment Mix (C-39221 Promocell) and maintained at 378C in a
humidified incubator under 5% CO2 with media change every
other day. Cells were used for the experiments between
passages 4 to 6.

Tube Formation Assay

Fifty lL Matrigel (Ref 356234; Corning, MA, USA) at 48C was
used to coat each well of a 96-well plate and allowed to
polymerize at 378C for 4 hours. A total of 1 3 104 cells were
seeded in the presence or absence of 0.05% HMWHA (Part#
HA2M-5; Lifecore Biomedical, Chaska, MN, USA), 0.05%
LMWHA (Part# HA500K-1; Lifecore Biomedical), 0.05%
ULMWHA (Cat# GLR003; R&D Systems, Minneapolis, MN,
USA) or 0.5 mM and 1 mM 4-Methylumbelliferone sodium salt
>98% (4-MU) (M1508-10G; Sigma-Aldrich). The cells were
maintained at 378C with 5% CO2. Each condition was tested in
triplicate, and three separate experiments were carried out.
Cells were observed and imaged with an EVOS microscope
immediately and after 4, 16, and 24 hours. Tube formation
and other related structures were quantified using image
analysis tools. The morphological features of tube formation
were quantified using the angiogenesis analyzer plugin for
ImageJ by Gilles Carpentier.33,34 The parameters extracted
included the total number of master segments, segments,
nodes and junctions.
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Effect of HA on Lymphatic Endothelial Cell

Proliferation

The effect of HA on the proliferation of hDLECs and hLLECs
was determined using the BrdU Cell Proliferation Assay Kit
(Cat# 2750; EMD Millipore, MA, USA) according to the
manufacturer’s protocol. Briefly, hDLECs or hLLECs were
seeded in 96-well plates at a density of 5000 cells/well in the
presence or absence of 0.05% HMWHA, 0.05% LMWHA, 0.05%
ULMWHA, 0.5 mM or 1 mM 4-MU. The cells were incubated at
378C and 5% CO2 for 24 hours, after which BrdU was added to
the media and the cells incubated for an additional 8 hours.
Both media only and cells without the addition of BrdU were
used as negative controls. The cells were then fixed and the
detection of BrdU incorporation carried out according to the
manufacturers’ instructions. In short, the cells were incubated
with anti-BrdU monoclonal antibody for 1 hour, followed by
goat anti-mouse IgG conjugated with peroxidase for 30
minutes at room temperature protected from light. Thereafter,
the cells were incubated with TMB peroxidase for 30 minutes
at room temperature protected from light followed by the
addition of the acid stop solution. Absorbance in each well was
read as optical density (OD) using a spectrophotometer
microplate reader (FLUOstar Omega; BMG Labtech, Ortenberg,
Germany) set at a test wavelength of 450 nm. Each condition
was tested in triplicate, and three separate experiments were
carried out.

Effect of HA on Lymphatic Endothelial Cell

Viability

The cell viability of hDLECs and hLLECs was measured by
mitochondrial-dependent reduction of MTT (3-[4,5-dimethylth-
iazol-2-yl]-2,5-diphenyl-tetrazolium bromide) to purple forma-
zan. The hDLECs or hLLECs were seeded in 96-well plates at a
density of 5000 cells/well. The cells were treated or not treated
with 0.05% HMWHA, 0.05% LMWHA, 0.05% ULMWHA, 0.5 mM
or 1 mM 4-MU and incubated at 378C and 5% CO2. After 24
hours, the cells were incubated with MTT solution (M5655;
Sigma-Aldrich) (0.5 mg/mL final concentration) for 4 hours at
378C until a purple precipitate was visible. The solution was
carefully removed, and formazan crystals were dissolved in
dimethyl sulfoxide (DMSO - 276855-1L; Sigma) for 30 minutes.
The formazan product was analyzed by reading absorbance at
570 nm using a spectrophotometer microplate reader (FLUOs-
tar Omega; BMG Labtech).

RESULTS

Influence of HA Synthesis on Normal Corneal
Limbal Lymphatic Vessel Growth

To investigate whether HA in the limbal stem cell niche has a
role in corneal lymphangiogenesis, we assessed corneal
lymphatic vessel distribution in wild-type and Has-deficient
mice by dual fluorescent immunostaining for LYVE-1 and HA
(using anti-LYVE-1 and biotinylated HA binding protein,
respectively). Our previous work demonstrated that all three
HASs are expressed in the corneal epithelium; therefore,
mouse models targeting Has1-3 were used.27 These comprised
a double HAS1

�/�
;HAS3

�/� constitutive knock-out mouse, and
a conditional HAS2

D/DCorEpi knockout mouse that targeted
Has2 deletion in the corneal epithelium upon doxycycline
induction. As shown by images in Figure 1A, both
HAS1

�/�
;HAS3

�/� and conditional HAS2
D/DCorEpi mice present

solely vestigial lymphatic vessels within the limbus, indicating
that HA synthesis within the limbal region has a role in the
development of corneal lymphatic vessels (Figs. 1A, 1B). A
rectangular box has been used to demarcate the area shown in
higher magnification in the bottom panel (Fig. 1A). The
number of lymphatic vessels larger than 150 lm (thereby
excluding vestigial vessels) was also quantified in the corneas
of wild-type, HAS1

�/�
;HAS3

�/� and HAS2
D/DCorEpi mice (Fig.

1B). Wild-type mice presented a 3-fold increase in the number
of corneal lymphatic vessel branches when compared to
HAS1

�/�
;HAS3

�/� and a 1.5-fold increase when compared to
HAS2

D/DCorEpi mice (Fig. 1B). It is important to note that the
Schlemm’s canal is also located within the limbus, in the
irideocorneal angle, and expresses lymphatic marker Prox1,
although at lower levels than in lymphatic vessels; however, it
does not express LYVE-1.35–38 Therefore, the Schlemm’s canal
is not seen in our whole mount images using LYVE-1 staining
and was deemed to be beyond the scope of this study.

Influence of HA Synthesis on Alkali Burn-Induced
Corneal Lymphangiogenesis

The alkali burn model was used as a means to trigger
inflammatory corneal lymphangiogenesis. After alkali burn,
wild-type (wt) mice displayed a transient increase in HA levels,
which extended marginally into the peripheral cornea (seen at
7 days after alkali burn; Fig. 2). This change in HA level was
accompanied by a co-ordinate increase in lymphatic vessel
sprouting and extension, which could be seen at 7 days, 10

FIGURE 1. Lymphatic vessel distribution in wild-type, HAS1�/�;HAS3�/� and HAS2D/DCorEpi corneas. (A) Corneas were obtained and processed for
whole mount staining with anti-LYVE-1 (green) and HABP (red). Zoomed images of the areas demarcated in the top panel, which includes the
peripheral cornea (P) and limbal region (L), are shown in the lower panels. Nuclei were counterstained with DAPI (blue). Scale bar represents 500
lm. n¼ 15. (B) The number of lymphatic vessel branches ‡150 lm was quantified in wild-type, HAS1

�/�
;HAS3

�/� and HAS2
D/DCorEpi corneas by

two independent investigators in a blinded manner.
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days, and 2 weeks after alkali burn (Fig. 2). HAS1
�/�

;HAS3
�/�

mice increase HA synthesis throughout the corneal epithelium
after alkali burn via Has2 upregulation (Fig. 3), as previously
shown in Gesteira et al.27 Interestingly, this compensatory
increase appeared to exacerbate lymphangiogenesis in the
central cornea at 10 days and 2 weeks after alkali burn, as
evidenced by the LYVE-1 immunostaining shown in Figure 3.

Moreover, these newly extended lymphatic vessels were
present exclusively within HA rich areas, suggesting that the
glycosaminoglycan may have promoted their proliferation. In
contrast, HAS2

D/DCorEpi mice induced at embryonic day 0 (E0)
were unable to upregulate HA synthesis; therefore, they did
not exhibit the same lymphangiogenic response after alkali
burn (Fig. 4). Curiously, our previous study showed that when

FIGURE 2. Induction of lymphangiogenesis by alkali burn in wild-type mice. Wild-type mice were subjected to alkali burn and corneas obtained 7
and 10 days and 2 weeks after alkali burn. Uninjured corneas were used as controls. Corneas were obtained and processed for whole mount staining
with anti-LYVE-1 (green) and HABP (red). Nuclei were counterstained with DAPI (blue). Scale bar: 500 lm. n¼ 15.

FIGURE 3. Induction of lymphangiogenesis by alkali burn in HAS1�/�;HAS3�/� mice. HAS1�/�;HAS3�/� mice were subjected to alkali burn and
corneas obtained 3, 5, 7, and 10 days and 2 weeks after alkali burn. Uninjured corneas were used as controls. Corneas were obtained and processed
for whole mount staining with anti-LYVE-1 (green) and HABP (red). Nuclei were counterstained with DAPI (blue). Scale bar: 500 lm. n¼ 15.
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HAS2
D/DCorEpi mice are induced with doxycycline during post-

natal stages, they upregulate HA production after alkali burn;
however, in the present study, all the HAS2

D/DCorEpi mice were
induced at E0 and displayed only limited HA upregulation after
injury.27

We further assessed the consequences of alkali burn
injury within the corneas of wt, HAS1

�/�
;HAS3

�/� and
HAS2

D/DCorEpi mice by quantitive real-time PCR (Fig. 4B).
For such, the expression levels of Homeobox Prospero-Like
Protein (Prox1), clusters of differentiation 31 (CD31) and
Interleukin-1 beta (IL1b) were analyzed to determine the
levels of lymphangiogenesis, hemangiogenesis, and inflam-
mation, respectively, 10 days after alkali burn. As seen with
immunostaining, HAS1

�/�
;HAS3

�/� mice presented a 1.65-
fold increase in Prox1 expression when compared to wt

mice, while HAS2
D/DCorEpi mice presented a 0.5 fold decrease

in Prox1 expression 10 days after alkali burn. Similarly,
HAS1

�/�
;HAS3

�/�mice presented a 3.4 fold increase in CD31
expression when compared to wt mice. However, no
statistically significant difference in CD31 expression level

was found between HAS2
D/DCorEpi and wt mice. IL1b is a

known pro-inflammatory cytokine produced in the cornea
after injury, and HAS1

�/�
;HAS3

�/� mice presented a 15-fold
increase in IL1b expression when compared to HAS2

D/DCorEpi

and wt mice. Thus, our quantitive real-time PCR data
corroborated our findings that HAS1

�/�
;HAS3

�/� mice pre-
sent exacerbated lymphangiogenesis and inflammation after
injury.

Induction of Corneal Lymphangiogenesis by
Exogenous HA Administration

The majority of HAS2
D/DCorEpi mice did not present a

significant increase in HA synthesis throughout the cornea
after alkali burn; consequently, these mice did not display
significant corneal lymphangiogenesis after injury. To verify
whether the upregulation of HA alone is sufficient to trigger
lymphangiogenesis in HAS2

D/DCorEpi mice, we administered
either HMWHA or LMWHA (1% 1.2–1.6 MDa sodium
hyaluronate solution and 3% 650–900 kDa sodium hyaluro-

FIGURE 4. Induction of lymphangiogenesis by alkali burn in HAS2
D/DCorEpi mice. (A) HAS2

D/DCorEpi mice were subjected to alkali burn and corneas
obtained 7 days and 2 weeks after alkali burn. Uninjured corneas were used as controls. Corneas were obtained and processed for whole mount
staining with anti-LYVE-1 (green) and HABP (red). Nuclei were counterstained with DAPI (blue). Scale bar: 500 lm. n ¼ 15. (B) the expression
profile of Prox1, CD31, and IL-1b were analyzed 1 week after alkali burn in HAS1�/�;HAS3�/�, HAS2D/DCorEpi and wild-type mice. n ‡ 5 and asterisk

represents P � 0.05.
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nate solution, respectively [Lifecore Biomedical]) into the

corneas of HAS2
D/DCorEpi mice via intrastromal injection. We

confirmed the molecular weights of the individual HA

preparations by high pressure liquid chromatography (HPLC),

which yielded a single peak of ~1.4 MDa (peak 1) for

HMWHA and a range of sizes from ~750–100 KDa (peak 2–3)

with a second peak in the ULMWHA range for LMWHA (peak

4, Supplementary Fig. S1). As shown in Figure 5A, a single

intrastromal injection of either HMWHA or LMWHA was

sufficient to trigger lymphangiogenesis, whereas injection of

PBS alone had no effect. The number of lymphatic vessel

branches was quantified (Fig. 5B), revealing an increase in

lymphatic vessel extension into the cornea after HMWHA and

LMWHA administration. The corneas were analyzed 10 days

after the administration of HA and, at this point, there was no

longer any detectable HA staining within the cornea,

indicating that the administered HA had been absorbed

during the 10-day period.

HA Distribution During Post-Natal Corneal

Lymphatic Development

Our data show that under conditions of normal homeostasis,
HAS1

�/�
;HAS3

�/� mice present solely vestigial lymphatic
vessels within the corneal limbus when compared to wt mice
(Fig. 1). To verify the role HA has during normal lymphatic
vessel development, we analyzed the distribution of HA and
lymphatic vessels in the corneas of wt, HAS1

�/�
;HAS3

�/� and
HAS2

D/DCorEpi mice at post-natal days 5, 12, and 26.
Interestingly, wt, HAS1

�/�
;HAS3

�/� and HAS2
D/DCorEpi mice

all exhibited HA staining throughout the cornea at post-natal
day 5 (Fig. 6). Our previously published work and our current
findings show that HA is present primarily in the limbal
region in adult mouse corneas. Thus, during development of
the cornea, HA distribution changes from being present
throughout the cornea to being present primarily in the
limbal region. In P5 wt mice lymphatic vessels developed
around the entire circumference of the cornea (Fig. 6). These

FIGURE 5. Effect of HA on lymphangiogenesis in HAS2
D/DCorEpi mice. (A) HA was administered by intrastromal injection into the corneas of

HAS2
D/DCorEpi mice to verify whether HA alone can trigger lymphangiogenesis. The distribution of lymphatic vessels was analyzed 10 days after

administration. Corneas were obtained and processed for whole mount staining with anti-LYVE-1 (green). Nuclei were counterstained with DAPI
(blue). Scale bar: 500 lm. (B) The number of lymphatic vessel branches after PBS, HMWHA, and LMWHA administration were counted in a double-
blinded manner by two independent investigators. N¼ at least 6 and * represents P � 0.05. Data represent the mean 6 SD of the total number for
each condition.

FIGURE 6. HA and lymphatic vessel distribution in corneas of mice at post-natal days 5, 12, and 26. The distribution of lymphatic vessels was
analyzed in wild-type, HAS1�/�;HAS3�/� and HAS2D/DCorEpi corneas at post-natal days 5, 12, and 26 (P5, 12 and 26). Corneas were obtained and
processed for whole mount staining with anti-LYVE-1 (green) and HABP (red). Nuclei were counterstained with DAPI (blue). Scale bar for P5 and
P12 represents 200 lm. Scale bar for P26 represents 500 lm. n¼ 6.
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lymphatic vessels are not restricted to the limbal region of wt

mice at post-natal day 5 and instead extend into the
peripheral cornea. Thus, the presence of lymphatic vessels
in the early post-natal cornea may have a role in corneal
development. HAS1

�/�
;HAS3

�/� and HAS2
D/DCorEpi mice also

have lymphatic vessels extending into the peripheral cornea
at post-natal day 5; however, the numbers of lymphatic
vessels are significantly reduced when compared to wt mice.
The distribution of HA throughout the corneas of wt,
HAS1

�/�
;HAS3

�/� and HAS2
D/DCorEpi mice at P5 can be seen

in more detail in Figure 7 and Supplementary Figure S2. Wild-
type mouse corneas present a more organized HA network,
when compared to HAS1

�/�
;HAS3

�/� and HAS2
D/DCorEpi

corneas, with visible structures present, including HA rich
‘‘net-like’’ and ‘‘cable-like’’ structures (Fig. 7).

At post-natal day 12, wt , HAS1
�/�

;HAS3
�/� and

HAS2
D/DCorEpi mice exhibited a decrease in HA distribution

throughout the cornea when compared to post-natal day 5;
however, the distribution of HA continues to be throughout
the cornea (Fig. 6). Importantly, wt mice present higher levels
of HA throughout the cornea when compared to
HAS1

�/�
;HAS3

�/� and HAS2
D/DCorEpi mice at P12 (Fig. 6). The

overall length of the lymphatic vessel branches that extend into
the cornea at P12 is similar to that at P5, indicating there is
limited lymphatic vessel growth between post-natal days 5 and
12 (Fig. 6). However, since the corneas increase in size due to
the development of the eyeball between P5 and 12, the
lymphatic vessels present limited extension into the peripheral
cornea at P12 (Fig. 6). It is important to note that mice open
their eyes around post-natal day 12.5, which coincides with the
decrease in HA expression throughout the cornea and loss of
lymphatic vessels extending into the peripheral cornea.
HAS1

�/�
;HAS3

�/� and HAS2
D/DCorEpi mice present a reduced

number of lymphatic vessels in the limbal region at post-natal
day 12. Therefore, the lymphatic vessels have significantly
receded in HAS1

�/�
;HAS3

�/� and HAS2
D/DCorEpi mice by post-

natal day 12, which could be due to the precocious loss of HA.
At post-natal day 26 wt, HAS1

�/�
;HAS3

�/� and HAS2
D/DCorEpi

corneas display HA expression exclusively in the limbal region
and, concomitantly, the lymphatic vessels are restricted to the
limbal region. HAS1

�/�
;HAS3

�/� and HAS2
D/DCorEpi mice

present a rudimentary lymphatic vessel network at post-natal
day 26 when compared to wt mice. It is unclear whether the
lymphatic vessels recede between post-natal days 5 and 26, or
whether the eye growth which leads to the overall increase in
size of the cornea between post-natal days 5 and 26 culminates
in the lymphatic vessels becoming restricted to the limbal
region.

Influence of HA on In Vitro Lymphatic Vessel
Morphogenesis and Proliferation

To further understand the role of HA in the formation of
lymphatic vessels, we used the tube formation assay to analyse
the process in vitro. Accordingly, human Dermal Lymphatic
Endothelial Cells (hDLECs) and human Lymph node Lymphatic
Endothelial Cells (hLLECs) were seeded on Matrigel in the
presence or absence of HMWHA or the HA biosynthesis
inhibitor 4-MU. As shown in Figure 8A and Supplementary
Figure S3, administration of HMWHA led to a clear increase in
lymphatic vessel growth. This was further confirmed by
quantitative analysis using Image J (Supplementary Fig. S4)
which revealed significant increases in all aspects of lymphatic
vessel formation, including the number of connections
between lymphatic vessels (junctions) (Fig. 8B), the number
of branches at each connection (nodes) (Fig. 8B), and the
number and length of ‘‘tube-like structures’’ (segments) (Figs.
8C, 8D). Thus, HMWHA plays a prominent role in promoting
the formation of lymphatic vessels.

In addition to HMWHA, we also compared the effects on
lymphangiogenesis of low and intermediate sized HA, namely,
HA4, HA8, HA10, HA20, LMWHA, and HMWHA. HMWHA- and
LMWHA-treated hDLECs formed an organized lymphatic vessel
wall composed of a single continuous endothelial cell layer
with a typical ‘cobblestone’ pattern, evidenced through
phalloidin staining (green - Supplementary Fig. S5). In contrast,
lymphatic vessel hDLECs cultured in the absence of HA formed
‘‘vessel-like’’ structures in which the endothelial cells were
more clustered and had a rounded morphology (Supplemen-
tary Fig. S5). Moreover, the efficiency of cobblestone patterned
tube formation increased with HA oligosaccharide length
(HA20 > HA4, Supplementary Fig. S5).

Interestingly, treatment of hDLECs and hLLECs with the HA
synthesis inhibitor 4-MU led to a reduction in viability
compared to controls, as assessed by measurement of
mitochondrial reductase activity (Figs. 9A, 9B, respectively).
A statistically significant difference (P < 0.05) was observed
between 4-MU treated hDLECs and untreated cells (Fig. 9A).
Moreover, the addition of HMWHA partly reversed these
effects of 4-MU on viability in the case of both hDLECs and
hLLECs (Fig. 9B). Therefore, the loss of HA leads to a decrease
in lymphatic vessel endothelial cell viability, which can be
rescued by the presence of exogenous HMWHA.

HMWHA and LMWHA treatment increased the proliferation
of hDLECs when compared to untreated cells, while 0.5 mM
and 1 mM 4-MU treatment had no effect on cell proliferation
(Fig. 9C). That said, culturing hLLECs in media containing
0.05% HMWHA increased proliferation when compared to

FIGURE 7. HA distribution in corneas of mice at post-natal day 5. Corneas were obtained and processed for whole mount staining with HABP (red).
The area demarcated by a white dashed box is represented under higher magnification in the lower panel. Scale bar: 500 lm.
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untreated cells, while 0.05% LMWHA or 0.05% ULMWHA had
no effect on cell proliferation (Fig. 9D). Moreover, 4-MU
treatment led to a significant drop in hLLEC proliferation,
which was reverted by the addition of exogenous HA to the
culture media (Fig. 9D). Interestingly, our data show that the
effect of HA on lymphatic endothelial cells may vary depending
on the origin of the cell line. LMWHA has previously been
shown to increase the proliferation of a mouse endothelial cell
line isolated from axillary lymph nodes.24 This study also
showed that the effect was dose dependent; LMWHA
promoted proliferation at a concentration of 3.13 lg/mL, and
this effect was lost at higher and lower concentrations. This
study did not, however, examine the effects of HMWHA.

DISCUSSION

This work investigated the role of HA, a major constituent of
the limbal stem cell niche, in corneal lymphangiogenesis.
Lymphatic vessels are present exclusively in the limbal region
of the cornea, and our previously published work demon-
strates that HA is also present primarily in this location.3,27,39

Moreover, limbal lymphatic vessels also express abundant

levels of the endothelial HA receptor LYVE-1.20,40,41 Previous
studies have suggested that limbal stem cells and the limbal
stem cell niche—located at the intersection between vascular-
ized and non-vascularized tissues—could have a role in
regulating lymphangiogenesis and hemangiogenesis,42 and
early reports have suggested that the corneal epithelium acts
antiangiogenically.43,44 Therefore, this study investigated
whether HA (which is present in the limbal stem cell niche)
could regulate corneal lymphangiogenesis. Interestingly,
HAS1

�/�
;HAS3

�/� adult mice, which lack HA in the limbal
stem cell niche, assemble only rudimentary lymphatic vessels
in the corneal limbus. The inability of these mice to synthesize
HA might well explain their failure to form lymphatic vessels.
To further understand how HA regulates the growth of
lymphatic vessels into the cornea, we used injury models as
a means to induce corneal lymphangiogenesis. Our data clearly
show that lymphangiogenesis is preceded by an increase in HA
levels after injury, and that lymphatic vessels grow exclusively
into the HA rich areas. Therefore, after injury, there is an
increase in HA production, followed spatio-temporally by the
ingrowth of lymphatic vessels.

The lymphatic system has an important role in regulating
inflammation, immunity, and tissue repair after injury. The

FIGURE 8. Effect of HA and 4-MU on the formation of ‘‘tube-like’’ structures by hDLECs. (A) The tube formation assay was used to study the role of
HA on lymphatic vessel formation. The hDLECs were seeded on Matrigel and maintained in the presence or absence of HA or 4-MU. Representative
images were acquired of control (untreated), HMWHA, LMWHA, and 1 mM 4-MU-treated hDLECs after 24 hours. (B–D) The ability of the hDLECs to
assemble into ‘‘tube-like’’ structures was quantified using an imageJ plugin. The quantitative data for number of nodes, junctions, and segments are
represented graphically. The experiment was carried out three times in triplicate, and a mean of each experiment is represented in the graph. The
mean 6 SD of the total number for each condition is represented in green.
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precise regulatory mechanisms that govern lymphangiogenesis
after injury remain elusive. Low molecular weight HA
fragments (sHA) have been shown to increase VEGF-C–
induced LEC proliferation and lymphangiogenesis.45 HA also
acts synergistically with VEGF-C in a renal fibrosis model and
increases the expression of VEGF-C in macrophages.46

Interestingly, HAS2
D/DCorEpi mice displayed reduced HA

synthesis within the cornea; concomitantly, these mice
exhibited only limited lymphangiogenesis after alkali burn.
These data show that the upregulation of HA synthesis in the
cornea is necessary for lymphangiogenesis after injury. Our
previously published work shows that all three HAS isoforms
are expressed in the cornea, and that after a debridement
wound each HAS presents a unique expression pattern.27

HAS1
�/�

;HAS3
�/� mice present an exacerbated increase in HA

synthesis throughout the cornea after alkali burn through Has2

overexpression, which in turn leads to exacerbated lymphan-

giogenesis. Given that the loss of Has2 in the HAS2
D/DCorEpi

mouse model limits HA biosynthesis and, consequently,

lymphatic vessel growth, our combined data indicate that

HAS2 is the major isoform that regulates corneal lymphangio-

genesis. In earlier work, we showed that in the cornea HA is

expressed primarily by limbal epithelial cells.27 Thus, the HA

network that supports the growth of lymphatic vessels into the

cornea is located in the limbal corneal epithelium. These data

have been further confirmed using HAS2
D/DCorEpi mice. The

K14 promoter, which is expressed in the cornea exclusively by

epithelial cells, was used as the driver to ablate HAS2 in the

cornea. Thus, using this animal model, the Has2 gene is

expressed in all corneal compartments except for the

epithelium. Our data show that the corneal epithelium

generates the HA network that regulates corneal lymphangio-

genesis.

FIGURE 9. Effect of HA on the viability and proliferation of hDLECs and hLLECs. The MTT assay was used to determine the effect of HA on the
viability of hDLECs (A) and hLLECs (B). Human LECs were incubated for 24 hours in the presence or absence of 0.05% HMWHA, 0.05% LMWHA,
0.05% ULMWHA, 0.5 mM 4-MU or 1 mM 4-MU. Values are expressed as mean 6 SD of the optical density (OD) measured at 570 nm. BrdU
incorporation was used to determine the effect of HA on the proliferation of hDLECs (C) and hLLECs (D). LECs were incubated for 24 hours in the
presence or absence of 0.05% HMWHA, 0.05% LMWHA, 0.05% ULMWHA, 0.5 mM 4-MU, or 1 mM 4-MU. Thereafter, BrdU was added and the cells
incubated for a further 6 hours. BrdU incorporation was detected using the BrdU Cell Proliferation Assay Kit. The mean 6 SD of the total number for
each condition is represented in green. Asterisks represents P � 0.05.
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Lymphangiogenesis has been shown to have an important
role in a plethora of physiological processes including
embryonic and post-natal development.47 We also investigated
the distribution of HA and lymphatic vessels during corneal
development. Our study revealed that HA is highly expressed
throughout the cornea during early post-natal development.
Interestingly, a previous study has reported that there is
maximum growth of lymphatic vessels in the central cornea
during the period of early post-natal development.39 Thus, the
period of maximum lymphatic vessel growth into the central
cornea coincides with the expression of HA throughout the
cornea. Importantly, neither HAS1

�/�
;HAS3

�/� nor
HAS2

D/DCorEpi mice exhibited a loss of HA at post-natal day 5,
indicating a redundancy/compensatory mechanism among
HASs during early developmental stages. However,
HAS1

�/�
;HAS3

�/� and HAS2
D/DCorEpi mice displayed a change

in the distribution of HA during early developmental stages,
with a loss of HA ‘‘net-like’’ and ‘‘cable-like’’ structures. The
change in the organization of the HA network led to a decrease
in lymphatic vessel development in both HAS1

�/�
;HAS3

�/� and
HAS2

D/DCorEpi mice. Thus, during corneal development it is
possible that the specific spatial-temporal distribution of HASs
leads to the formation of an organized HA network that
governs the development of lymphatic vessels. The capacity of
HA to bind stably to its receptor LYVE-1 in lymphatic vessel
endothelium has been shown to depend on the avidity
generated by higher-order organization of its glycosaminogly-
can ligand either as supramolecular complexes with binding
partners such as TSG-6 or as a dense glycocalyx on the surface
of migrating leucocytes.22,48 Only such crosslinked HA
configurations have the capacity to cluster LYVE-1 sufficiently
for stable adhesion. Nevertheless, even low affinity interactions
of LYVE-1 with short HA oligomers can transmit signals for
lymphatic endothelial proliferation and motility.23 We antici-
pate that the organization of the HA matrix in the developing
corneas of HAS1

�/�
;HAS3

�/� and HAS2
D/DCorEpi mice regulates

lymphangiogenesis differently to wt mice and speculate that
such organization, rather than the presence of HA alone, plays
a pivotal role in corneal lymphangiogenesis.

Our developmental studies revealed that during corneal
development, HA is expressed throughout the cornea and that
the lymphatic vessels grow into a HA-rich cornea. As the
cornea develops further, HA expression recedes and is
ultimately confined solely to the limbal region, matching the
distribution of lymphatic vessels. These findings are in
alignment with previous studies, which show that spontaneous
lymphatic vessel formation and subsequent regression take
place in the cornea during the critical period after birth.39

Thus, our findings suggest that HA could be an important
regulator of lymphatic vessel formation and regression during
development. The Cursiefen group has recently shown that
corneal lymphatic vessels are also capable of regressing in adult
mice after injury.49 Their study shows that lymphatic vessels
regress to levels comparable to uninjured corneas within 4
weeks after a perforating corneal incision injury.49 Our study
shows that lymphatic vessels recede concomitantly with the
HA content, becoming located solely in the limbus. Therefore,
we can hypothesize that the HA matrix is also necessary for
maintaining corneal lymphatic vessels. Targeting the HA matrix
could also be explored as a therapy for treating corneas that
already present lymphatic vessels in the central cornea.

Until recent identification of lymphatic vessel markers,
limited research had been dedicated toward studying
lymphatic vessels due to the difficulty of identifying them
in tissues. LYVE-1 was identified as a unique marker for
lymphatic vessels; thereafter, lymphangiogenesis research
grew exponentially.20,21,50 Although initial studies appeared
to indicate that LYVE-1 deficient mice had no obvious defects

in normal lymphatic function and development,51 more
recent studies have revealed that the LYVE-1:HA axis has an
important role in regulating the entry and trafficking of
dendritic cells in the afferent lymphatics under conditions of
inflammation,22,23,52 Whether LYVE-1/HA interactions also
play a role in inflammation-induced lymphangiogensis
remains elusive. Previous studies have shown that LMWHA
promotes LEC proliferation and that such effects are
concentration dependent and exerted by small HA (sHA - 4-
25 disaccharides in length) but not HMWHA.24,53 The
binding of LMWHA to LYVE-1 is also important for the
migration, signal transduction, and tube formation processes
involved in lymphangiogenesis.24 Using lymphangiogenesis
assays, lower concentrations of sHA were shown in a recent
study to promote the proliferation of lymphatic vessel
endothelial cells, while higher concentrations had an
inhibitory effect due to the induced expression of TGFb, a
cytokine previously shown to inhibit lymphangiogene-
sis.45,54,55 Thus, it was proposed that at higher concentra-
tions, HA-induced TGFb expression inhibits lymphatic vessel
endothelial cell proliferation. These authors also went on to
show that the observed stimulatory effect of sHA on LEC
proliferation is mediated through LYVE-1, and not CD44 or
TLR-4.45 HA (35-75 kDa) has also been shown to promote
lymphangiogenesis and upregulate VEGF-C expression via
TLR-4 using a fibrosis model.46 In our study, the addition of
HA (HMWHA, LMWHA, and ULMWHA) to human LECs
increased cell proliferation, and the use of 4-MU, a chemical
inhibitor that blocks HA synthesis also significantly inhibited
cell proliferation. We used the tube formation assay to further
investigate the role of HA in lymphangiogenesis. Our data
show that human LECs form an organized endothelial cell
sheet when exposed to HA, similar to the organization of
lymphatic vessels in vivo. However, in the absence of HA,
human LECs do not organize into lymphatic vessel-like cell
sheets in the same time frame. Therefore, our data show that
HA regulates the development and distribution of lymphatic
vessels. We postulate that HA could serve as a substrate for
lymphatic vessel extension via LYVE-1/HA interaction. We
therefore propose that HA serves as a positive regulator of
corneal lymphangiogenesis.

Together, our recently published work and current
findings demonstrate that HA is expressed throughout the
corneal epithelium during development and becomes re-
stricted to the limbus by post-natal day 26. Moreover, HA
expression is upregulated in the cornea after injury.27

Hereby, our findings show that HA distribution throughout
the cornea regulates lymphangiogenesis, both during devel-
opment and after injury. Understanding mechanisms that
govern corneal lymphangiogenesis opens new research
avenues for the development of specific strategies to limit
lymphatic vessel growth, which could be used to prevent
corneal scarring after injury and in the management of
corneal transplantation rejection. Therefore, limiting HA
expression after injury, via Has2 down-regulation, could
provide a means of limiting corneal lymphangiogenesis. This
anti-HA treatment could also be extrapolated to limiting
tumor growth and metastasis, which rely on angiogenesis and
lymphangiogenesis.
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