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1 | INTRODUCTION

Lymphatic vasculature pervades the human body and is re-
sponsible for lipid transport, immune cell trafficking, extra-
cellular fluid homeostasis, and inflammatory responses.]’2
Consequently, the lymphatic system plays a crucial role in
the progression of a wide spectrum of conditions, includ-
ing congenital disorders, cancer and side-effects of cancer
treatments, cardiovascular disease, diabetes, and parasitic
infections.>* Despite the significance of the lymphatic sys-
tem and its consequences in numerous disease states, current
treatments are limited to primitive and transient management
solutions such as compression garments for lymphedema, or
entirely absent for other lymphatic complications. Controlling
the formation of new lymphatic vessels is postulated as an
innovative therapeutic strategy for rescuing various disease
phenotypes including metabolic syndrome, Alzheimer’s,
lymphedema, cardiovascular disease, and impaired wound
healing.> Yet little is known about the molecular regulation
that controls lymphatic cord-like structure (CLS) formation
within a synthetic, in vitro system. Beyond conditions that
arise from lymphatic dysfunction, a significant bottleneck
for the field of tissue engineering is the vascularization of
tissues and in vivo endothelial cell organization to form cap-
illaries.®’ Promoting blood and lymphatic vascular networks
within tissue-engineered constructs has been shown to im-
prove their in vivo functionality.8 However, a perennial chal-
lenge associated with this goal of controlling in vitro or in
vivo morphogenesis of cellular structures includes the need
to accurately replicate the morphology and cellular organiza-
tion of lymphatic vessels.® To address this challenge, here, we
utilize a synthetic matrix as a modular scaffold with tunable
properties to control CLS formation.

Significant advances in therapeutic strategies that com-
bine material engineering with biotechnological advances
to promote vascular regeneration have occurred in recent
decades.” ™! Hydrogels have demonstrated success in in
vitro applications for blood vasculature regeneration and
provide promise for approaches to generate functional lym-
phatic capill:alries.“’12 Hyaluronic acid-based hydrogels (HA-
hydrogels) have particularly shown great promise, either as
a stand-alone therapy or as a scaffold to deliver molecules
and cells.”>! Hyaluronan/hyaluronic acid (HA) is a nonsul-
fated linear polysaccharide of (1-B-4)d-glucuronic acid and
(1-B-3)N-acetyl-d-glucosamine. HA is abundant during em-
bryogenesis.,15 where it has a crucial role in regulating angio-
genesis, lymphangiogenesis, and organ morphogenesis.m’17

HA is ubiquitous in the native ECM, nonimmunogenic, and
able to be chemically modified, making HA widely used in tis-
sue engineering and medicine.'*!®!° HA also has an import-
ant function in maintaining homeostasis and biomechanical
integrity of many organs.20 In the lymphatic system, lym-
phatic endothelial cells (LECs) uniquely express lymphatic
vessel endothelial hyaluronan receptor-1 (LYVE-1), a CD44
homologue, which is responsible for HA binding. LYVE-1 is
expressed by LECs and serves as a unique binding receptor
for HA.?' LYVE-1 binding to HA presents the potential to
use HA-hydrogels as a modular platform to study lymphatic
vascular morphogenesis. By controlling ligand binding sites
and mechanical properties, HA-hydrogels are investigated in
these studies as a platform that can be engineered to generate
robust and functional vascular networks from LECs. Overall,
due to its developmental relevance, importance for LECs, and
ability to support viable cells, HA-hydrogels are an excellent
candidate biomaterial to control lymphatic CLS formation in
a biomimetic environment.

Previous developmental biology studies have revealed
that the transcription factor prospero-related homeobox
1 (PROX-1) initiates lymphatic sprouting and that the
growth factor VEGF-C promotes the growth of lymphatic
vessels.”” Additionally, PROX-1 has been shown to be
inversely regulated with the mechanosensitive proteins
YAP and TAZ.> YAP/TAZ expression have extensively
been reported to be influenced by substrate stiffness and
provide an avenue of modulation in our HA hydrogel sys-
tem. Another protein associated with lymphangiogenesis,
VEGFR-3, has recently been discovered to be influenced
by substrate stiffness,24 which raises the potential to cre-
ate biomaterials to promote expression of this key protein
involved in the VEGF-C/VEGFR-3 signaling axis that is
crucial for lymphangiogenesis.

Here, we utilize HA-hydrogels with defined compos-
ites and tunable elasticity for in vitro studies of lymphatic
CLS formation. Viscoelasticity measurements demonstrate
three distinct and physiologically relevant substrate stiff-
ness profiles: firm, medium, and soft, which allow us to
decouple the effects of matrix elasticity and ligand binding
density. We first demonstrate that HA-hydrogels preserve
key lymphatic markers, including PROX-1 and LYVE-
1. Decreasing matrix stiffness results in upregulation of
VEGFR-3, which primes LECs to form CLS in response
to VEGF-C stimulation in vitro. RNAi studies demon-
strate that MMP-14 is required to enable CLS formation
and that LECs sense matrix stiffness through YAP/TAZ
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mechanosensors. Collectively, we demonstrate that by tun-
ing both the matrix stiffness and VEGF-C concentration,
the signaling pathways of CLS formation in vitro can be
regulated in a synthetic matrix, resulting in lymphatic net-
works which will be useful for the study of lymphatic biol-
ogy and future approaches in lymphatic regeneration.

2 | MATERIALS AND METHODS

2.1 | Human LEC culture

Human LECs derived from the dermis of two adult donors
(PromoCell, Heidelberg, Germany) were expanded and used
for experiments between passages 5 and 9. Human LECs
were grown in endothelial cell growth medium MV 2 (EGM
MV?2; PromoCell) and incubated at 37°C with 5% CO.,.
Human LECs were characterized for the positive expression
of CD31, LYVE-1, PROX-1, and podoplanin throughout
the experiments. All cell lines were routinely tested for my-
coplasma contamination and were negative throughout this
study.

2.2 | Preparation of HA-hydrogels

Hyaluronic acid hydrogels (HyStem-HP, Advanced
BioMatrix, Carlsbad, CA) were prepared by mixing 0.4%
(w/v) thiol-modified HA conjugated with heparin with 0.4%
(w/v) thiol-modified gelatin in a 1:1 volume ratio with 0.25%,
1%, and 2% (w/v) polyethylene glycol diacrylate (PEGDA)
crosslinker in a 4:1 volume ratio to obtain soft, medium, and
firm substrates, respectively. A range of stiffnesses, consist-
ent with those reported in previous studies, were screened
in preliminary studies.”>> The conditions of 0.25%, 1%,
and 2% PEGDA crosslinker resulted in the greatest differ-
ences and were therefore selected for this study. The hydro-
gel solution was cast in three milliliter syringes for rheology
measurements and the images presented in Figure 1A, 4-well
glass bottom dishes (Matsunami) for confocal imaging, 96-
well tissue culture plates for gene expression and protein as-
says, and 16-well chamber slides for transmission electron
microscopy. Hydrogels were incubated at 37°C with 5% CO,
for 16-24 hours to achieve full cross-linking before use in
experiments. By casting the prepolymer hydrogel solution
directly in the wells that were used for each experiment, uni-
form surfaces were achieved.

2.3 | Hydrogel mechanical characterization

A rheometer with parallel plate geometry (8 mm in diameter;
TA Instruments, New Castle, DE) was utilized for oscillatory
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shear measurements of the storage modulus (G’) as previ-
ously described.?>% Briefly, oscillatory time sweeps at 1 Hz
frequency and a constant strain of 5% were performed for
1 min on three samples (n = 3) for firm, medium, and soft
hydrogels to characterize the storage modulus of the hydro-
gels as a function of PEGDA concentration.””*® These strain
and frequency parameters were selected in order to measure
G’ in the linear viscoelastic regirne.29 Rheological measure-
ments were performed at room temperature and ambient air
conditions, as dehydration of the hydrogels was negligible
during the short testing duration. The Young’s modulus
(matrix stiffness) was calculated by £ = 2G'(1 + v). HA-
hydrogels can be assumed to be incompressible,” such that
their Poisson’s ratio (v) approaches 0.5 and the relationship
becomes E = 3G".

2.4 | Lymphangiogenesis assay

Human LECs were seeded on firm, medium, and soft hydro-
gels at a density of 100,000 cells/cmz, which was consist-
ent to our previous studies,™*" and cultured for 12 hours in
EGM MV?2 media supplemented with either 0.5 or 50 ng/mL
recombinant human VEGF-C (R&D Systems). Images were
acquired from the middle of each well (n = 10 per condition)
at 4X using an inverted light microscope (ECHO Revolve, San
Diego, CA). After an initial screening at time intervals of 3, 6,
9, 12, and 15 hours, the 12-h timepoint was determined to be
the ideal endpoint for imaging as it not only allowed for differ-
ences between conditions to develop but also allowed for im-
ages to be captured before some tube contraction occurred.”°

2.5 | Quantification of lymphatic cord-like
structures (CLS)

One image field per construct from ten distinct constructs
(n = 10), captured during the lymphangiogenesis assay, was
analyzed using kinetic analysis of vasculogenesis (KAV), a
custom plug-in for FIL* Ten parameters per image were
quantified, and the tubes/node ratio and network area were
selected to compare the degree of CLS formation on each
substrate.

2.6 | LEC gene expression

To analyze the effect of HA-hydrogels on lymphatic phe-
notypes, LECs were seeded on firm and soft hydrogels, as
well as tissue culture plastic, and cultured for 48 hours in
EGM MV?2 media. Similarly, to analyze for gene expres-
sion during lymphatic tube morphogenesis, LECs were
cultured on firm, medium, and soft hydrogels for 48 hours
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in EGM MV2 supplemented with 0.5 ng/mL or 50 ng/mL
VEGF-C. The 48-h timepoint was selected to ensure that
the signaling cascade in response to VEGF-C and mechani-
cal stimulation was captured. Each biological replicate was
created by pooling RNA from three individual wells to col-
lect a sufficient amount of RNA. At least three biological
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FIGURE 1

Tunable HA-hydrogels as a supportive matrix to preserve LEC phenotypes. A, Matrix elasticity of HA-hydrogels can be

tuned with varying crosslinking density (red dots) without altering the polymer backbones (blue dotted lines). B, Rheological measurements of

HA:gelatin in a 1:1 volume ratio with 2%, 1%, and 0.25% (w/v) of PEGDA crosslinker show three distinct profiles of hydrogel mechanics: firm,

medium, and soft, respectively. Values shown are means + S.D. of three independent hydrogel constructs. Please see Figure S1 for storage (G')
and loss (G”) modulus data. Real-time qRT-PCR data for key lymphatic markers (C) LYVE-1, (D) CD44, (E) PDPN, and (F) PROX-1 expressed
by LECs after being cultured on tissue culture plastic (E~10 MPa), firm (E~900 Pa), or soft (E~32 Pa) HA-hydrogels. Three biological replicates
(n = 3) were collected per condition and analyzed with real-time qRT-PCR with triplicate readings. ANOVA followed by Tukey post hoc analysis

was performed to analyze differences between substrate stiffnesses. Significance levels were set at: ™*P > .05, ‘P < .05, P < .01,and P < .001.

Representative immunofluorescent images of LECs stained for (G) LYVE-1 and (H) podoplanin after being cultured on tissue culture plastic
(E~10 MPa), firm (E~900 Pa), or soft (E~30 Pa) HA-hydrogels. Scale bars are 50 pm

Mix and Gene Expression Assays for LYVE-1, PROX-1,
CD44, Podoplanin, MMP-1, MMP-2, MMP-9, MMP-14,
Fit4, YAP, TAZ, MYC, CTGF, and GAPDH (Table S1).
Each sample was prepared in triplicate, and the relative
expression was normalized to GAPDH and analyzed using
the “*Ct method.

2.7 | Immunofluorescence

To analyze lymphatic protein expression, hLECs were seeded
on firm and soft hydrogels, as well as tissue culture plastic,
and cultured for 72 hours in EGM MV2 media. Samples were
fixed with 3.7% formaldehyde, blocked with 1% BSA, per-
meabilized with 0.1% Triton-X, and stained for LYVE-1 and
podoplanin (Table S2). To visualize lymphatic tube forma-
tion, hLECs cultured on hydrogels were fixed after 12 hours,
and samples were incubated with their respective primary
antibodies; Phalloidin, YAP, and TAZ. Samples were rinsed
and then counterstained with DAPI. Phalloidin stained sam-
ples were imaged with a Lionheart Gen5 microscope (BioTek
Instruments) and the z-series imaging modality. YAP and
TAZ stained samples were imaged at 40X as a z-stack (Nikon
A1R-MP Confocal microscope).

2.8 | Fluorescent intensity quantification
Confocal images of samples stained for YAP and TAZ were
quantified for total fluorescent intensity using Image] (NIH).
One field of view per sample was captured and a z-projection
was created. Single cells in the field of view were quantified as
individual samples. The fluorescent intensity in the nuclei and cy-
toplasm was gated and measured, and the background was then
subtracted to give the corrected total cell fluorescence (CTCF).

2.9 | ELISA for VEGFR-3 protein
quantification

Human LECs were seeded on firm, medium, and soft hydro-
gels and cultured in EGM MV2 media for 72 hours. A lysis

buffer was used to isolate cells from the hydrogels, and cell
lysates were analyzed using a Human VEGFR-3/FIt4 ELISA
(R&D Systems, DY349B-05) kit according to the manufac-
turer’s protocol.

2.10 | Transmission electron microscopy
Human LECs cultured on hydrogels for 6 and 12 hours
were prepared for TEM samples as previously described.”
Briefly, cells were fixed with 3.0% formaldehyde, 1.5%
glutaraldehyde in 0.1 M Na cacodylate, 5-mM Ca®" and
2.5% sucrose at room temperature for 1 hour and washed
three times in 0.1 M cacodylate/2.5% sucrose pH 7.4 for
15 minutes each. The cells were postfixed with Palade’s
0s0O, on ice for 1 hour, rinsed with Kellenberger’s uranyl
acetate and then processed conventionally through Epon
embedding on a 16-well Lab-Tek chamber slide (NUNC).
Serial sections were cut, mounted onto copper grids, and
viewed using a Phillips EM 410 transmission electron mi-
croscope (FEI, Hillsboro, OR). Images were captured with
a FEI Eagle 2k camera.

2.11 | RNAI transfection

Human LECs were transfected with siGENOME SMARTpool
human MMP-14 or human PROX-1 (Dharmacon, Lafayette,
CO) using the manufacturer’s protocol. Human LECs were
cultured to 90% confluency in 6-well plates with EGM MV2
media (PromoCell) and no additional VEGF-C supplementa-
tion. The RNAI transfection solution was prepared by mix-
ing DharmaFECT2 RNAI transfection reagent (Dharmacon)
with serum-free and antibiotic-free EGM MV2 media. To
transfect the cells, EGM MV2 media was removed and re-
placed with 1.6 ml of antibiotic-free EGM MV2 and 400-uL
transfection solution in each well to achieve a final RNAi
concentration of 50 nM. Transfected cells were incubated at
37°C and 5% CO,. After 72 hours, total RNA was isolated,
and real-time qRT-PCR was performed, as described in the
previous subsection, to confirm the knock-down of MMP-14
or PROX-1 expression.
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2.12 | Statistical analysis

Statistical analysis was performed with GraphPad Prism
(GraphPad Software Inc., La Jolla, CA). For each hydro-
gel condition, at least three independent experiments were
performed with three technical replicates. Statistical com-
parisons were made using Student’s ¢ test for paired data,
analysis of variance (ANOVA) for multiple comparisons,
and with Tukey post hoc analysis for parametric data.
Specifically, ANOVA followed by Tukey post hoc analysis
was performed to analyze differences between substrate stiff-
ness with the same VEGF-C concentrations, and Student’s
t test was used to analyze differences between low and
high VEGF-C concentrations with the same substrate stiff-
ness. Significance levels were set at the following: P < .05,
P <.01,7"P <.001, P <.0001.

3 | RESULTS
3.1 | HA-hydrogels preserve LEC
phenotypes

Because LECs uniquely express LY VE-1 to bind to HA and ac-
tivate intracellular signaling to promote lymphangiogenesis,21’31
we postulated that tunable HA-hydrogels can serve as a sup-
portive matrix for lymphatic tube formation in vitro. Toward
this goal, our initial investigations focused on studying the ef-
fect of HA-hydrogels and their mechanical influence on LEC
phenotypes. Employing a similar method to our previous stud-
ies, where we have extensively characterized HA-hydrogels to
control vascular tube morphogenesis,zs"28 we generated HA-
hydrogels with varied crosslinker concentrations to mimic a
wide range of physiologically relevant matrix stiffnesses, while
preserving uniform presentation of cell adhesion molecules
(Figure 1A). It is important to note that one advantage of syn-
thetic HA hydrogels is that the chemistry of the polymeric net-
works is easily controlled via reaction conditions and is uniform
between various batches,B’32 which is difficult to impossible
to achieve with naturally derived matrices, such as collagen
and Matrigel.>** Moreover, although enzymatic crosslinking
of such natural gels as collagen and Matrigel allows studies of
increased stiffness, it also results in increased protein concentra-
tion and ligand density, which make it difficult to decouple the
effects of matrix stiffness from other matrix proper[ies.%’35

For the present study, we utilized thiol-modified HA-
gelatin hydrogels to study lymphatic cellular response to a
wide range of tunable mechanical stimuli.”>***’ By vary-
ing PEGDA crosslinker concentrations (from 0.25% to 4%),
while preserving the HA:gelatin ratio, hydrogels with a wide
range of Young’s moduli (matrix stiffness) were established
(Figure S1). After our initial screening, we selected three
crosslinker conditions that created hydrogels with distinct

Young’s moduli (E, matrix stiffnesses): firm (890 + 61 Pa),
medium (335 + 20 Pa), and soft (32 + 10 Pa) for our subse-
quent studies (Figure 1B). Next, we investigated the effect
of HA-hydrogel matrix stiffness on key lymphatic markers
that are uniquely expressed by LECs. Real-time qRT-PCR
data revealed that LECs cultured on HA-hydrogels showed
increased expression of PROX-I1 and LYVE-I compared to
LECs cultured on plastic tissue culture plates, whereas ex-
pression of CD44 and PDPN were relatively constant across
different conditions (Figure 1C-F). Interestingly, the expres-
sion level of LYVE-I and PROX-1 increased with decreasing
matrix stiffness (Figure 1C,F). The soft matrix demonstrated
the highest PROX-1 (twofold increase) and LYVE-I (five-
fold increase) expression, which is quite significant given
that LECs are notoriously known to lose LYVE-I expression
during in vitro culture®® and therefore need to be cultured on
fibronectin coated plates to maintain their lymphatic phe-
notypes.®’ Although PROX-I expression was elevated but
constant on different hydrogel stiffnesses compared to tissue
culture plates, LYVE-1 expression was influenced by sub-
strate stiffness and was greater on the soft hydrogels com-
pared to the firm hydrogels. These observations regarding
LYVE-I expression were also qualitatively confirmed using
immunofluorescent imaging (Figure 1G). Although LY VE-1
is a CD44 homolog capable of HA binding,”' we observed
that decreasing the matrix stiffness of HA hydrogels ef-
fected LYVE-1 but not CD44. PDPN expression, a membrane
marker of LECs, was also not altered by changes in matrix
stiffness (Figure 1E,H). Collectively, these results underscore
the enhanced ability of HA-hydrogels to preserve LEC phe-
notypes which is an important enabling step towards utilizing
tunable HA-hydrogels to control lymphatic tube formation in
tissue engineering approaches.

3.2 | Effect of VEGF-C and matrix stiffness
on CLS formation

High concentrations of VEGF-C (ie, 50 ng/mL) were previ-
ously demonstrated to induce differentiation into LECs,® as
well as lymphangiogenesis in both in vitro and in vivo mod-
els. 340 Therefore, to study CLS formation in a controllable
in vitro system, we seeded human LECs on HA hydrogel sub-
strates and cultured them for 12 hours in media supplemented
with either 0.5 ng/mL (low) or 50 ng/mL (high) VEGF-C.
We observed minimal branching of LECs seeded on the firm
hydrogels supplemented with low VEGF-C (data not shown)
or even with high VEGF-C (Figures 2A and S2). Conversely,
when LECs were seeded on soft hydrogels with only 0.5-ng/
mL VEGF-C, the mechanical environment allowed some cel-
lular branching to occur (Figure S3). Moreover, CLS forma-
tion on soft hydrogels was further enhanced with a higher
VEGF-C supplementation, leading to greater network areas
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FIGURE 2 VEGF-C and matrix stiffness regulate lymphatic cord-like structure formation. A, Human LECs were seeded on firm, medium,
and soft substrates for 12 hours supplemented with 50-ng/mL VEGF-C and formed CLS, as demonstrated by fluorescence microscopy of F-actin
(green) and nuclei (blue). Scale bars are 50 um. B, Kinetic analysis of vasculogenesis (KAV) revealed a significant increase in network size and C,
tubes/node ratios as substrate stiffness decreased. Data represents the mean + S.D. of 10 biological replicates performed. Confocal images of CLS
formed on soft substrates showing junctional markers D, CD31 and E, VE-Cad. Enlarged rendering of the confocal image stack indicates cellular
junctions (arrowheads) with discontinuous (arrows) and overlapping (asterisks) junctions. F, TEM analyses of CLS formed after 12 hours showed
LECs degrading the hydrogels H, to generate intracellular vacuoles (V), some of which were observed in the process of merging (asterisk) into
coalescent vacuoles (CV). ANOVA followed by Tukey post hoc analysis was performed to analyze differences between substrate stiffness within
the same VEGF-C concentrations, and Student’s ¢ test was used to analyze differences between low and high VEGF-C concentrations for the same
substrate stiffness. Significance levels were set at ‘P < .05, P < .01, ""P < .001, P < .0001. Scale bars are (A) 50 pm; (D) 50 pm; (E) 50 pm,
and 25 pm (inset); and (F) 20 pm
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and a higher extent of branching (Figure 2A), demonstrating
that given the right mechanical environment, VEGF-C can
amplify CLS formation in vitro.

Next, we utilized the kinetic analysis of vasculogen-
esis (KAV) Fiji plug-in to quantitate lymphatic tube for-
mation and provide high-throughput lymphangiogenic
analysis (Figure $4).***! Quantification reveals that substrate
stiffness influences LEC network assembly and decreas-
ing matrix elasticity results in a significant increase in lym-
phatic network size—from (20.7 + 3.8) X 10° pm2 on firm
substrates to (27.7 + 8.6) X 10° pmz on medium substrates
to (44.0 + 84) x 10° pm2 on soft substrates (Figure 2B).
Similarly, the tubes/node ratio, or the extent of branching, also
increased—from 1.78 + 0.07 on firm substrates to 1.99 + 0.13
on medium substrates to 2.08 + 0.13 on soft substrates (Figure
2C). It should be noted that although the network structures in
Figure 2A are slightly less extensive than the networks shown
in Figures S2 and S3, the differences resulted from the networks
being perturbed during the immunostaining process and did not
arise during the tube formation process. Phase contrast images
like the ones presented in Figure S3 were used for quantifica-
tion with KAV, and immunofluorescence images were used for
cytoskeleton visualization.

Very limited CLS formation occurred on firm and medium
substrates supplemented with 50 ng/mL VEGF-C, whereas
extensive lymphatic tubes, similar to the tubes formed when
LECs were seeded on Matrigel,42 formed on the soft sub-
strates supplemented with 50-ng/mL VEGF-C (Figure 2A—
C). Moreover, to study cellular junctions formed on the soft
substrates, we stained CLS with CD31 and VE-Cadherin as
junctional markers (Figure 2D,E). Using confocal analysis
and 3D rendering, we observed lymphatic CLS with discon-
tinuous and overlapping junctions (Figure 2E). To further
confirm these observations and investigate the cell-matrix
interactions that facilitate the formation of intracellular vacu-
oles, TEM analysis was performed following our previously
published protocols.25 27 After 12 hours of culture, LECs on
soft substrates were found elongated and degrading the hy-
drogels to form intracellular vacuoles (Figure 2F). Some of
these intracellular vacuoles were in the process of merging
into coalescent vacuoles, which is consistent with the tunnel-
ing model of lymphatic vessel formation observed in other in
vitro and in vivo models of lymphatic vessel formation.***

3.3 | Matrix stiffness primes LECs for
VEGF-C induced lymphatic tube formation
in vitro

To examine how matrix elasticity and high concentrations
of VEGF-C would coregulate lymphatic tube formation in
vitro, our initial investigations focused on the expression of
VEGFR-3, also known as Flt4. Real-time qRT-PCR indicates

that decreasing matrix stiffness correlated with an increase
in VEGFR-3 expression by LECs cultured with either low or
high concentrations of VEGF-C (Figure 3A). Interestingly,
this trend seemed to be influenced by matrix stiffness and not
VEGF-C concentrations. This trend was also confirmed via
ELISA to detect the presence of total VEGFR-3 expressed
by LECs (Figures 3B and S5A). These findings suggest that
softer matrices, in particular the soft substrate, primes the
LECs to express more VEGFR-3, which enables effective
stimulation of LECs with VEGF-C.

Next, we investigated how stimulation with VEGF-C
would induce MMP expression to enable cell migration,
which is a crucial step in enabling lymphatic tube forma-
tion. Real-time qRT-PCR was performed to compare MMP
expression in LECs cultured on firm, medium, and soft sub-
strates supplemented with 50-ng/mL (high) VEGF-C versus
with 0.5-ng/mL (low) VEGF-C (Table S1 and Figure S5B).
After 48 h of incubation in media supplemented with high
VEGF-C, LECs showed increased production of MMP-1,
-2, and -14. The increase in MMP production became more
significant for LECs cultured on the soft substrate (Figure
3C-E). Specifically, LECs cultured on soft substrates with
high VEGF-C produced two times the MMP-2 (Figure 3D)
and three times the MMP-14 (Figure 3E) produced by LECs
cultured in media supplemented with low VEGF-C. The in-
crease in MMP expression that correlates with the decrease
in matrix stiffness is very intriguing, especially given the im-
portance of MMPs in regulating lymphatic tube formation.*’
In particular, MMP-14 can activate pro-MMP-2 to localize
MMP activity at the direction of cell migration, which is
responsible in the formation of lumen compartments.***°
This result highlights the importance of MMP-1, -2, and -14
during lymphatic tube formation, particularly in the soft sub-
strates. Collectively, these findings suggest that matrix elas-
ticity primes LECs to express VEGFR-3 on the cell surface,
which in turn enables effective VEGF-C stimulation and
increased expression of MMPs to form lymphatic tube net-
works in vitro.

3.4 | YAP/TAZ are mechanosensors of
matrix stiffness in LECs

To investigate the effect of matrix elasticity on in vitro lym-
phatic tube formation, we focused our investigation on the
Hippo pathway YAP/TAZ, which are known as sensors and
mediators of mechanical cues. YAP/TAZ are highly enriched
in blood ECs of growing blood vessels and play crucial roles
in angiogenesis by regulating cytoskeletal arrangement, pro-
liferation, and cell motility.‘”’48 More recently, the roles of
YAP/TAZ in lymphatic vessel morphogenesis during de-
velopment have been elucidated in mice and zebrafish. %
Here, we demonstrate that the expression of YAP/TAZ by
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LECs during CLS formation in HA-hydrogels is regulated by
matrix stiffness. Real-time qRT-PCR reveals that decreased
matrix stiffness results in decreased TAZ expression but a
nonsignificant decrease in YAP expression (Figure 4A,B),
which led us to investigate their downstream targets MYC
and CTGF, as well as Prox-1 (Figure 4C-E). As matrix stiff-
ness decreases, MYC and CTGF decrease to 0.33-fold and
0.5-fold, respectively. On firm substrates, YAP/TAZ enters
the nucleus and binds to the PROX-1 promoter which inhib-
its transcription of PROX-1 and its targets, such as VEGFR-3
and MMP-14.%%° With decreasing matrix elasticity, YAP/
TAZ are translocated into the cell membrane, leading to
their cytoplasmic degradation (Figure 4F—H). Furthermore,
decreasing matrix elasticity results in decreased nuclear lo-
calization of YAP and increased cytoplasmic localization of
TAZ (Figure 41,J). Subsequently, cytoplasmic degradation
of YAP/TAZ enhances the transcription of PROX-1 (Figure
4E), including its targets VEGFR-3 and MMP-14 which are
highly expressed on LECs cultured on the soft substrate with
high concentrations of VEGF-C. It is important to note that
although the soft matrix promotes expression of VEGFR-3,
that trend does not occur for PROX-1 in the case of low
VEGF-C supplementation (Figure S6) and may explain the
limited CLS formed on soft matrices with low VEGF-C.
Overall, these observations suggest the roles of YAP/TAZ as

P <.001

mechanosensors of matrix stiffness to enable lymphatic tube
formation in vitro through transcription of PROX-1, includ-
ing its targets VEGFR-3 and MMP-14.7°

3.5 | MMP-14 and PROX-1 are required for
in vitro lymphatic tube formation

MMP-14, which is also known as MT1-MMP, has been re-
ported to support blood vascular morphogenesis by allowing
matrix degradation at the migrating cell front,*® as well as by
creating a vascular guidance tunnel to control lumen forma-
tion.* Recent evidence suggests that MMP-14 plays a crucial
role in lymphatic formation during development and lym-
phatic metastasis.”*>"* We utilized an siRNA suppression
approach to investigate the function of MMP-14 in lymphatic
tube formation in soft substrates cultured with a high con-
centration of VEGF-C, where CLS formation was found to
be optimized. LECs treated with siRNA targeting MMP-14
showed a significant decrease in MMP-14 expression com-
pared to LECs treated with the Luciferase nontargeting control
(Figure 5Ai). In contrast to the Luciferase-treated LECs (con-
trol), siRNA suppression of MMP-14 abrogated lymphatic
tube formation on the soft substrates, with more rounded cell
morphology (Figure 5B). KAV analysis indicates a reduction
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in network size of CLS formed in the siMMP-14 group com-
pared to the silLuciferase control (Figure 5C).

Our next investigation focused on the role of PROX-1 in
regulating lymphatic tube formation in response to matrix
elasticity. A previous study reported that YAP/TAZ nega-
tively regulate PROX-1 during lymphatic development.23 We
utilized an siRNA suppression approach to examine whether
PROX-1 is the connecting link by which LECs respond to sub-
strate stiffness during lymphatic tube formation. LECs treated
with siRNA targeting PROX-1 showed a significant decrease
in PROX-1 expression compared to LECs treated with the
Luciferase nontargeting control (Figure 5Aii). In contrast to
the Luciferase-treated LECs (control), siRNA suppression of
PROX-1 mitigated lymphatic tube formation on the soft sub-
strates, with more elongated cell morphology (Figure 5B).
KAV analysis indicates a reduction in network size of CLS
formed in the siProx-1 group compared to the silL.uciferase con-
trol (Figure 5C). It is important to note that when siLuciferase,
siMMP-14, or siProx-1 treated LECs were cultured on firm and
medium substrates, they maintained a cobblestone morphol-
ogy on monolayer culture with no indication of CLS formation
(Figure S7). Collectively, these observations suggest that both
MMP-14 and PROX-1 are required for matrix stiffness primed
lymphatic tube formation induced by VEGF-C.

4 | DISCUSSION

LECs express LYVE-1, a specific receptor for HA, and pro-
vide a unique advantage for engineered matrices containing
HA. We show that matrix stiffness and VEGF-C coregulate
lymphatic tube formation. High levels of VEGF-C are re-
quired to initiate CLS formation, as well as activate MMPs
to enable LEC migration. Under these conditions, substrate
elasticity affects the progression of CLS formation. With
decreases in substrate stiffness, we observe increased ex-
pression of PROX-1 and activation of VEGFR-3, as well as
cytoplasmic degradation of YAP/TAZ and downregulation
of YAP/TAZ target genes. Furthermore, MMP-14 is required
to enable the movement of LECs on the matrix and YAP/
TAZ act as plastic regulators of lymphatic tube formation
through PROX-1 transcriptional programming.

A chronic challenge of in vitro culture methods for lym-
phatic vasculature research is that LECs quickly lose their
LEC-specific gene and protein expression.”’53
studies have shown that culturing LECs on fibronectin im-
proved cell adhesion and proliferation, which highlights
the critical signaling contribution that the culture substrate
provides.37 Here, we show that HA-hydrogels not only
protect but improve LEC-specific markers and provide a

Previous
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more suitable in vitro system. Both LYVE-I and PROX-1
expression increased in LECs cultured on HA-hydrogels
versus plastic tissue culture plates, which highlights a pos-
sible strategy for promoting lymphatic-like behavior for
more accurate in vitro mechanistic studies. Additionally,
the design of this HA-hydrogel system allows mechanical
and biochemical signals to be decoupled to probe the ef-
fects of their individual contributions. Although previous
studies have been able to generate preliminary lymphatic
vessels in fibrin,8’54’55 collagen,8 and Matrigel,“’56
hydrogel systems are limited due to both the mechanical
and biochemical signaling being altered by any modifica-
tions to the system. If these materials are diluted in order to
decrease the substrate stiffness, integrin binding sites and
other crucial signaling factors are also diluted.”>>* Here,
our HA-hydrogel system can mechanically be altered by
adjusting only the concentration of the PEGDA crosslinker
which allows the substrate composition and ligand density
to remain constant for all conditions. By using fully de-
fined components in this HA-hydrogel system, we are also
able to study the specific effects of VEGF-C in our sys-
tem without the noise of additional growth factors that are
sometimes included in other in vitro culture systems.

Another important characteristic of this HA-hydrogel
system is the ability to generate a range of physiologically
relevant substrate stiffnesses. During development, LECs mi-
grate from the cardinal vein which has a Young’s modulus of
3.6 kPa to the surrounding tissue which has a Young’s mod-
ulus of only 270 Pa.** This transition to a significantly lower
substrate stiffness highlights the need for softer substrates in
order to recapitulate in vivo conditions for lymphangiogene-
sis. Previous studies have used hydrogels to study lymphatic
vessel development, and although those hydrogel systems are
advantageous compared to traditional tissue culture plastic
culture methods, those systems still have Young’s moduli on
the scale of kPa to MPa.>* Here, our modular hydrogel sys-
tem has been tuned to have Young’s moduli between 30 and
900 Pa (Figure 1A), representing the range of stiffnesses from
the human brain to slightly stiffer than the surrounding tissue
measured outside of the cardinal vein.* It is important to
note that although we found that LECs are sensitive to these
three substrate stiffness profiles in our HA-hydrogel system,
they are still considered in the softer range of substrate stiff-
ness profiles, and the sensitivity of substrate stiffness may
be unique to the chosen hydrogel system. Nonetheless, these
findings highlight the importance of a relatively softer sub-
strate to support lymphatic phenotypes and CLS formation,
which is also consistent with previous reports using other hy-
drogel systems.23’24

By decoupling the mechanical and biochemical effects,
we show in these studies that the mechanical environment
primes LECs for lymphangiogenesis and subsequently,
VEGEF-C promotes branching. Even with the supplementation

these

of 50 ng/mL VEGF-C, only minimal branching occurs on the
firm hydrogels (Figure 2C). Conversely, when LECs were
seeded on soft hydrogels with only 0.5-ng/mL. VEGF-C, the
mechanical environment allowed rudimentary branching to
occur (Figure S2). The CLS formation on soft hydrogels was
further enhanced with a higher VEGF-C supplementation
(Figure 2B,C), demonstrating that VEGF-C can amplify tube
formation, but only if the mechanical environment is suitable.
Additionally, our HA-hydrogel model has demonstrated that
VEGEFR-3 expression is predominantly controlled by the me-
chanical environment and supplementation of VEGF-C alone
cannot induce increased VEGFR-3. This dependency on
substrate stiffness also highlights a potential strategy to tune
VEGFR-3 expression for specific applications. Collectively,
these observations show that although VEGF-C does promote
lymphangiogenesis, as extensively reported,39’57 the mechan-
ical environment is also critical for accurate in vitro models.
Beyond tuning VEGFR-3 expression, modifications to the
substrate stiffness also modified MMP -1, -2, and -14 expres-
sion. MMP-14 is a cell surface activator of MMP-2,5 8 and
we observe mimetic trends in real-time qRT-PCR results for
MMP-2 and MMP-14. Although this trend was observed at
the mRNA level and may not directly translate to protein ex-
pression of active MMPS,27’28 our finding was consistent with
previous reports. Previous studies have revealed the crucial
role of MMP-2 in LEC tube formation, where knocking-down
MMP-2 inhibited LEC migration through collagen gels and
MMP-2 knockdown in zebrafish caused lymphatic defects.®’
MMP-2 degrades gelatin, which is contained in our HA-
hydrogel system, allowing for LEC migration and branching,
and supports our observed trend of increased MMP-2 expres-
sion corresponding with increased LEC branching and tube
length. On the other hand, although expression of MMP-1
also increased, the trend was not as significant as MMP-2 and
MMP-14. Because MMP-1 degrades collagen, which is not a
major component of our hydrogel system, these observations
suggest that LECs can adapt to secrete specific MMPs de-
pending on their microenvironment. Additionally, increased
VEGFR-3 expression on softer matrices and increased bind-
ing with VEGF-C may also contribute to this upregulation
of MMP-2 and MMP-14 to promote matrix remodeling and
allow for the increased LEC tube formation that is observed.
Furthermore, MMP-2 but not MMP-9 has been shown to im-
pact LEC sprouting45 and we observed substantially lower ex-
pression levels of MMP-9 compared to MMP-14 and MMP-2
in our screening run (Figure S5B). High expression of MMPs
is also responsible for cellular elongation and hydrogel deg-
radation to facilitate the formation of intracellular vacuoles
and coalescent vacuoles as precursors to open lumen com-
partments, as observed in other in vitro and in vivo models
of lymphatic vessel formation.**** These supporting trends
in our HA-hydrogel system with previous in vitro and in vivo
studies regarding MMPs highlight the ability of our system
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to accurately recapitulate the native environment that LECs
sprout in. Furthermore, this evidence demonstrates that our
HA-hydrogel system serves as a novel system that can be uti-
lized for further mechanistic studies in a highly controllable
environment.

In addition to VEGFR-3 expression and PROX-1 being
modulated by substrate stiffness, we also show that YAP/
TAZ are important mechanosensitive proteins and transcrip-
tion factors that contribute to regulating lymphatic tube for-
mation. YAP/TAZ are influenced by matrix stiffness,59 and
it was recently revealed that VEGF-C activates the Hippo
signaling pathway,23 which includes YAP/TAZ and their tar-
get genes, such as MYC and CTGF. PROX-1 expression is
required for initial lymphatic specification and budding,22
as well as for continued maintenance of a LEC phenotype,60
and was recently revealed to be negatively regulated by YAP/
TAZ.* Here, we show that the highest PROX-1 expression
corresponds to samples with the highest degree of tube for-
mation, as expected based on previous findings, and that TAZ
expression is inversely related. The trend for YAP remains
less clear based on real time qRT-PCR results and shows the
need to analyze individual cells and the spatial localization
of YAP/TAZ. Upon quantification of YAP/TAZ expression
in both the nuclei and cytoplasm, we observe significant
degradation of both YAP and TAZ as substrate stiffness
decreases, which aligns with PROX-1 upregulation and
lymphatic budding. Conversely, when nucleic YAP/TAZ ex-
pression is upregulated, PROX-1 is inhibited and lymphatic
maintenance occurs, which translates to no tube formation
occurring in our HA-hydrogel system here (Figure 5D). It is
important to note that there is no clear nuclear TAZ expres-
sion and that TAZ may be expressed independently of YAP.
These observations seem to agree with previous reports that
TAZ expression moves to the cytoplasm in the presence of
Prox-1.% Additionally, when YAP/TAZ target genes, such as
MYC and CTGF are downregulated in the presence of softer
matrices, expression of PROX-1 targets such as VEGFR-3
and MMP-14 are also upregulated. Complementarily, expo-
sure to soft matrices induces a GATA2-dependent increase
in VEGFR-3 as well as LEC migration.24 These mechano-
sensitive responses by LECs to substrate stiffness highlight
the need for more physiologically relevant in vitro models in
order to accurately elucidate mechanisms of action and also
highlights the functionality of this HA-hydrogel system for
future studies.*

Collectively, we show that by tuning both the matrix stiff-
ness and VEGF-C concentration, the signaling pathways of
lymphatic CLS formation can be regulated in a synthetic ma-
trix. Findings from this simple 2D system will lay an import-
ant framework for future work in generating more complex
lymphatic networks, which can be used for mechanistic stud-
ies and potentially as therapeutics for a range of lymphatic
disorders.
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