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Lymphatic endothelial cells (LECs) play a critical role in the formation and maintenance of the lymphatic
vasculature, which is essential for the immune system, fluid balance, and tissue repair. However, LECs are
often difficult to study in vivo and in vitro models that accurately mimic their behaviors and phenotypes
are limited. In particular, LECs have been shown to lose their lymphatic markers over time while being cul-
tured in vitro, which reflect their plasticity and heterogeneity in vivo. Since LECs uniquely express lym-
phatic vessel endothelial hyaluronan receptor-1 (LYVE-1), we hypothesized that surface coating with hya-
luronic acid (HA) can preserve LEC phenotypes and functionalities. Dopamine conjugated hyaluronic acid
(HA-DP) was synthesized with 42% degree of substitution to enable surface modification and conjugation
onto standard tissue culture plates. Compared to fibronectin coating and tissue culture plate controls,
surface coating with HA-DP was able to preserve lymphatic markers, such as prospero homeobox
protein 1 (Prox1), podoplanin (PDPN), and LYVE-1 over several passages in vitro. LECs cultured on HA-DP
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expressed lower levels of focal adhesion kinase (FAK) and YAP/TAZ, which may be responsible for the
maintenance of the lymphatic characteristics. Collectively, the HA-DP coating may provide a novel
method for culturing human LECs in vitro toward more representative studies in basic lymphatic biology
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Introduction

Lymphatic endothelial cells (LECs) play a vital role in the
immune system, serving as the gatekeepers for lymphocyte
trafficking and the maintenance of immune homeostasis.">
They are also important for the removal of interstitial fluid
and waste products from tissues.>® In a variety of diseases,
such as cancer and chronic inflammation, the integrity of
LECs is disrupted, leading to lymphatic dysfunction and
immune suppression.>® To understand many of these mecha-
nisms and pathophysiology, it is imperative to have a reliable
in vitro culture system that can preserve the phenotype and
characteristics of LECs. While prospero homeobox protein
(Prox1) is considered as the master regulator to maintain lym-
phatic identity,””® other lymphatic markers are differentially
expressed in vivo. Lymphatic capillaries express high levels of
lymphatic vessel endothelial hyaluronan receptor 1 (LYVE-1).
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Pre-collecting and collecting vessels express low level of
LYVE-1, but high level of podoplanin.®'® Hence, it is impor-
tant to have a culture system that recapitulate the lymphatic
phenotypes and heterogeneity observed in vivo.

Another important aspect of having a robust in vitro culture
system for LECs is tissue engineering. Nowadays there have
been tremendous efforts to generate lymphatic vessels using
natural and synthetic materials."®"® Often it is not realized
that just having a more complex and physiologically relevant
3D system will not result in better tissue engineering unless
rudimentary 2D culture is optimized as well. Therefore, it is
important to be able to culture LECs on a coating that sup-
ports their proliferation, survival, and functional activity over
extended periods of time. For decades, the isolation and
growth of cells in vitro under controlled conditions has been
one of the most utilized experimental approaches in the field
of cell biology." As a result, various extra cellular matrix
(ECM) coatings both natural and synthetic have been
established."

Given the plasticity and heterogeneity of LECs, various ECM
coatings have been used to culture LECs." Currently, LECs are
cultured on tissue culture plastics or on conventional coatings
like fibronectin or collagen. Fibronectin is one of the most
used ECMs for in vitro culture;'®? it was shown that LECs
adhered and proliferated differently on a fibronectin coated

This journal is © The Royal Society of Chemistry 2023
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plate compared to tissue culture plastic.'® Previous study
reveals that the ligand for integrin osf,, selectively promoted
the growth of LECs through vascular endothelial growth factor
receptor-3 (VEGFR-3), which is one of the transmembrane
receptors responsible for lymphatic endothelial migration, sur-
vival and proliferation.>**® Another recent study also shows
that the adhesion and migration of LECs stimulated by vascu-
lar endothelial growth factor-C (VEGF-C) or VEGF-D are a9p1-
dependent, which is present in some mutant version of
fibronectin.”>**"*® Similarly, Collagen-I and Collagen-IV have
been used in some studies for culturing LECs as a monolayer
or as an embryoid body (EB) culture.?*** Though it was
observed that Collagen-IV induces migration, cell alignment,
proliferation, and differentiation into mature lymphatic capil-
laries in vivo,*° another study found that Collagen-Iv did not
favor LEC differentiation in vitro.*" Collagen-I1 has been used
for monolayer culture'”?*3%3%33 of primary LECs and support-
ing lymphatic vessel like structure.** Laminin, among the
natural ECMs, is the least utilized coating for LECs. It is
reported that oy-laminins, such as 411 (formerly laminin-8),
421 (formerly laminin-9), and 423 (formerly laminin-14), are
expressed by vascular and lymphatic endothelial cells.>**>3¢
Overall, the outlook on using collagen or laminin as coating
for culturing LEC is still in contention, while fibronectin is
considered as a benchmark in this regard.

Compared to ECM proteins, the use of hyaluronic acid or
hyaluronan (HA) has been shown to hold promise in culture of
blood endothelial cells (ECs).””*° HA is an abundant com-
ponent of the ECM that binds to various receptors and influ-
ences activities of ECs. Low molecular weight (LMW) HA was
proved to have the ability to interact with its receptors, such as
CD44 or receptor for hyaluronan-mediated motility (RHAMM),
triggering series of intracellular signal transduction and pro-
moting angiogenesis.**** Although CD44 and RHAMM are
reported as the main receptors on vascular ECs, they are
mostly absent from lymphatic vessels; wherein the only known
receptor for HA is LYVE-1, a homolog of CD44.**** LYVE-1 is
thus likely to play a major role in the regulation of HA on bio-
logical behaviors of LECs. Indeed, it was shown in several
studies that LMW HA induces lymphangiogenesis through
LYVE-1 mediated signaling pathways.’®™*® One recent study
also shows that HA-binding peptide modulates EC spreading
and migration through focal adhesion kinase (FAK).*® Despite
the unique expression of HA receptors by LECs, the effect of
HA on the regulation of lymphatic characteristic markers has
not been explored yet.

In this work, we describe the development of a novel syn-
thetic coating based on HA to preserve the phenotypes and
characteristics of LECs. We synthesized dopamine-conjugated
HA (HA-DP), which can be conjugated onto the surface of
tissue culture plates. Compared to other conventional ECM
based coating with fibronectin, we demonstrated that HA-DP
can preserve lymphatic phenotypes over several passages of
LECs culture in vitro. Moreover, LECs cultured on HA-DP
exhibited reduced FAK, which may be responsible for the
maintenance of the lymphatic characteristics.

This journal is © The Royal Society of Chemistry 2023
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Experimental
Synthesis of dopamine-conjugated hyaluronic acid (HA-DP)

HA (1.026 g, 2.56 mmol disaccharide unit) was dissolved in
85.5 mL MES buffer (0.1 M, pH 5.5) and 28.5 mL ethanol was
added. The reaction mixture was brought to equilibrium at
room temperature, DMTMM (2.9 g, 4 equivalents) was added
to activate HA at room temperature. After 30 minutes of incu-
bation, dopamine (484.7 mg, 1 equivalent) was added to the
reaction mixture, followed by stirring at room temperature
overnight. HA-DP was purified by dialysis against deionized
water at 4 °C for 4 days, lyophilized, and stored at —20 °C until
use. HA-DP was characterized by "H NMR in D,0 showing
peaks at 1.99 ppm (C=O)CH; in HA and 7.3-7.4 (aromatic
protons in DP). The degree of substitution was calculated as
42%.

Coating of hyaluronic acid-dopamine (HA-DP)

HA-DP was coated on tissue culture plates through polymeriz-
ation of dopamine under basic conditions. HA-DP was dis-
solved in deionized water at 5 mg ml ™. Prior adding HA-DP to
wells for coating, 20 pL of 10 M NaOH was added per 1 mL of
HA-DP. After incubating at 37 °C overnight, the wells were vig-
orously washed with deionized water and cell culture medium
for cell culture.

Characterization of HA coating

HA-DP coating was characterized and quantified using tolui-
dine blue assay, as previously described.’® Briefly, serial
dilution of free HA in DI water was prepared to create a stan-
dard curve. Then, both free HA solution and HA-DP coated
plate were incubated with 1 ml Toluidine blue O (TBO, Sigma
198161-5G). In the case of free HA solution, supernatant was
washed off carefully after centrifugation. For coated six-wells
plate, the supernatant was aspirated directly. Both samples
were washed properly with 10 mM NaOH. At this stage, a
picture was taken to show TBO staining of coated wells com-
pared to non-coated ones. Then, 50% acetic was added to the
samples and incubated at room temperature for 20 minutes.
Finally, the solutions were collected and ran for absorbance in
microplate reader at 634 nm. Absorbance of free HA solutions
of different concentration were used to create standard curve,
then absorbance of HA-DP coated sample was fit to the stan-
dard curve to quantify amount of HA in the coating.

Cell culture

Human juvenile lymphatic endothelial cells (C-12216) of four
donors (PromoCell, Heidelberg, Germany) were expanded and
used for experiments between passages 4 and 8, as previously
described."" Briefly, LECs were maintained at 37 °C with 5%
CO, in Endothelial Cell Growth Medium (EGM-MV2, C-22022,
PromoCell). To keep the cell passaging constant throughout
experiments, cells were passaged every 5 days at a 1 to 3 ratio.
Human LECs were characterized for the positive expression of
CD31, LYVE-1, Proxl, and podoplanin throughout the
experiments. All cell lines were routinely tested for myco-
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plasma contamination and were negative throughout this
study.

FACS analysis

Human LECs were analyzed for lymphatic markers using flow
cytometry (FACS) following standard procedure.’” Briefly, cells
were trypsinized and centrifuged following resuspension in
FACS buffer. Suspended cells (1 x 10° cells) were stained with
the antibodies (1 pg mL™") for 30 minutes at room tempera-
ture: anti-LYVE-1 antibody (R&D systems, FAB20892A), anti-
PDPN antibody APC (Biolegend, 337004), as well as their
corresponding IgG isotype controls (ESI Table 1f). For intra-
cellular staining, the cells were fixed and permeabilized with
Foxp3/Transcription Factor Staining Buffer Set (Thermo, 00-
5523-00) and then incubated with anti-Prox1 antibody FITC
(Novus Biologicals, NBP1-30045AF488) for 30 minutes. The
cells were washed twice and resuspended in FACS buffer for
analysis. Then, the cells were analyzed using flow cytometry
(BD LSR FortessaX-20) and the metadata were analyzed using
Flow]Jo.

Gene expression

To analyze the effect of different ECM on lymphatic pheno-
types, LECs were cultured on tissue culture plastic, fibronectin,
and HA-DP coatings for 5 days in EGM-MV2 media. Three bio-
logical replicates (n = 3) were collected per condition and ana-
lyzed with real-time qRT-PCR with triplicate readings as pre-
viously described."® RNA was reverse transcribed using a high-
capacity cDNA reverse transcription kit (Thermo Fisher)
according to the manufacturer’s protocol. cDNA was then used
with the TagMan Universal PCR Master Mix and Gene

View Article Online
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Expression Assays for LYVE-1, Prox1, PDPN, VEGFR3, YAP, TAZ,
MYC, CTGF, and GAPDH (ESI Table 21). Each sample was pre-
pared in triplicate and the relative expression was normalized
to GAPDH and analyzed using the “*Ct method.

Immunofluorescence

To visualize the lymphatic protein expression, LECs were
seeded on tissue culture plastic, fibronectin, and HA-DP coat-
ings for 5 days. Samples were fixed with 4% paraformaldehyde,
blocked with 1% BSA, permeabilized with 0.1% Triton-X, and
stained for LYVE-1, Prox1, CD144, ERG and podoplanin (ESI
Table 37). To visualize focal adhesion kinase and F-actin distri-
bution FAK antibody (Sigma, 2 pg ml™') and phalloidin
(Abcam, 1:1000) were used. Samples were rinsed twice in PBS
and counterstained with DAPI (Thermo Fischer, 300 nM). All
samples were imaged in Nikon AX-R confocal at 40x
magnification.

FAK and F-actin quantification

The thresholding tool in Image] was used to identify the FAKs.
Then analyze particles was used with size restricted to
4-20 pm to count the number of focal adhesions. Ten fluo-
rescent images were taken per coating at 40x using the Nixon
AXR confocal microscope and analyzed with the FIJI
Directionality Plug-in.>® A statistical analysis of the dispersion
was performed using GraphPad Prism 9 (GraphPad Software
Inc., La Jolla, CA).

Statistical analysis

Statistical analysis was performed with GraphPad Prism. For
each coating condition, at least three independent experiments

_ p \J""A'J:
= T 2 5
= [ [N Vi
2 o AW AN,
B ‘ﬂ.“.b‘ — = =
- o L B B VW 10M
B b | IR i )
i3 HA-DP VAW NaOH
. ) \/ 12 hr
8 / 2 3 )
. sl A v
el = / PP | » |]|
/ 4

¢ =

Positive

Threshold /

Fluorescence

Negative

Cycles

Fig. 1 Schematic of experimental procedure to investigate cell-ECM interaction on HA—DP coating. The HA—-DP polymer was dissolved in DI water,
then added to culture plate in the presence of 10 M NaOH. The plates were incubated overnight and washed with DI water before seeding the cells.
An enlarged image on top left shows interaction between HA polymer and LYVE-1 receptor, one of the key glycoprotein receptors of LECs.
Lymphatic phenotypes were analysed using flow cytometry, immunofluorescent imaging, and real-time RT-PCR.
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were performed with three biological replicates. Statistical
comparisons were made using Student’s ¢ test for paired data,
analysis of variance (ANOVA) for multiple comparisons, and
with Tukey post hos analysis for parametric data. Specifically,
Student’s ¢ test was used to analyze differences between
protein expression and gene expression on different coatings.
Significance levels were set at the following: *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001.
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Results and discussion
LECs exhibit a decrease in lymphatic markers in vitro

While previous studies have reported that blood endothelial
cells lose their characteristics over time,’*" little is known
about the phenotypes of LECs during in vitro culture.
Therefore, we aimed to characterize the phenotypes of LECs
during in vitro culture. Human dermal LECs from single donor
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Fig. 2 Expression of lymphatic markers by LECs cultured on tissue culture plates. Representative immunofluorescent images of LECs cultured on
tissue culture plates at (A) P.5, (B) P.6, and (C) P.7 stained for VE-CAD (white) and Prox-1 (magenta). Scale bars are 100 pm. LECs cultured on tissue
culture plates were analyzed for Prox-1 using flow cytometry. Representative flow cytometry analysis indicating Prox-1 expression by LECs (white
histogram) at (D) P.5, (E) P.6, and (F) P.7 compared to isotype control (grey histogram). Flow cytometry data for LECs at P.5, P.6, and P.7 were analysed
for percentage of (G) Prox1*, (H) podoplanin*, and (I) LYVE-1* cells population. Data represents mean + stdev., n = 4 per condition. Significance

levels were set at: *P < 0.5, **P < 0.01, and ***P < 0.001.
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(n = 3) were cultured on tissue culture plates from passage 5 to
7 and their lymphatic phenotypes were characterized using
FACS, real-time qRT-PCR, and immunofluorescent image ana-
lysis (Fig. 1). We confirmed using immunofluorescent
(Fig. 2A-C) and FACS analysis (Fig. 2D-F and ESI Fig. 1-3})
that LECs are heterogenous in nature and consistently express
Prox-1 from passage 5 to 7. Since Prox-1 is known to be the
master lymphatic regulator,*>*” these observations confirmed
that LECs maintained their lymphatic identity (Fig. 2G).
However, we observed a gradual decrease in the expression of
key lymphatic markers podoplanin (Fig. 2H) and LYVE-1
(Fig. 2I). Overall, these results suggest that while LECs main-
tained their identity in culture by expressing transcription
factor Prox1, they started to lose their lymphatic phenotypes by
gradual decrease in key lymphatic markers podoplanin and
LYVE-1. This observation is consistent with the lymphatic het-
erogeneity and plasticity that can be found in vivo.®®°
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Synthesis and characterization of HA-DP

After validating the heterogeneity and plasticity of LECs, we
hypothesized that the conventional coating system might not be
optimized for culturing LECs. Since LECs uniquely express
LYVE-1 to bind to HA and activate intracellular signaling to
promote lymphangiogenesis,”" we postulated that tunable syn-
thetic HA coating can serve as a supportive matrix for LEC culture
in vitro. Since HA is a negatively charged polysaccharide, we have
to modify HA with dopamine group to enable its conjugation to
the surface of the tissue culture plate.*> The dopamine group was
conjugated with the carboxyl group of HA to generate HA-DP
polymer (Fig. 3A). 'H-NMR indicated dopamine peaks at
7.47-7.21 ppm and N-acetyl groups of HA peaks at 1.99 ppm,
which confirmed the conjugation of dopamine group to HA
(Fig. 3B). We synthesized HA-DP polymer with various degree of
substitution (DS) and discovered that HA-DP with 42% of DS to
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Fig. 3 Synthesis and characterization of HA-DP. (A) Schematic of chemical reaction to generate HA-DP. The dopamine was conjugated with the
carboxyl group of HA using DMTMM, MES buffer (pH 5.5). (B) The conjugation of dopamine group to HA was confirmed using *H-NMR. The protons
of the aromatic ring of DP showed peaks at 7.4—7.2 ppm and those of N-acetyl groups of HA showed 2.0 ppm of the spectrum of *H-NMR confi-
rming an appropriate conjugation of DP to HA. "H-NMR spectra analysis confirms 42% of degree of substitution. (C) Representative photo taken
after TBO staining and washing as described in characterization method, a control tissue culture plastic was used to show difference in purple blue
stain due to staining. (D) The difference between amount of bound HA on the surface between two coating method. The left column of the graph
represents the coating with HA—-DP and right one represents coating with free HA solution. We found no presence of HA from free solution-based
coating compared to HA-DP based coating.
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be optimum for surface coating (data not shown). Therefore, HA-
DP with 42% DS was used to coat tissue culture plate for our sub-
sequent studies. Toluidine blue assay was used to quantify the
amount HA-DP conjugated to the tissue culture plate. The pres-
ence of HA-DP was evident through toluidine blue assay in HA-
DP coated plate compared to the control (Fig. 3C). Quantification
using a standard curve revealed 9.5 + 0.2 pg cm™> was present in
the HA-DP coated plate (Fig. 3D and ESI Fig. 47).

Preservation of LEC phenotype though HA-DP coating

To test the hypothesis that HA-DP can preserve lymphatic phe-
notypes, we cultured LECs on HA-DP, as well as tissue culture
plate and fibronectin-coated plate as controls. LECs were ana-
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lyzed for their lymphatic phenotypes using FACS and real-time
qRT-PCR analysis. To evaluate lymphatic phenotypes at gene
expression levels among different coating conditions, we
decided to evaluate them at early passage (P.5) and late
passage (P.7), where their gene expression levels were known
to be different. At early passage (P.5), we noticed that LECs cul-
tured on HA-DP expressed 1.70 + 0.18-fold more expression of
LYVE-1 and 2.24 + 0.19-fold more expression of PDPN com-
pared to LECs cultured on tissue culture plate (Fig. 4A and B).
LECs cultured on fibronectin coated plate expressed 1.39 +
0.20-fold more expression of PDPN compared to LECs cultured
on tissue culture plate (Fig. 4B). While the expression levels of
others lymphatic markers Prox1 and VEGFR3 were not signifi-
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Fig. 4 Protein and gene expression of LEC cultured on different coatings. Real-time gqRT-PCR for early passage (P.5) LECs cultured on tissue
culture plate (black), fibronectin-coated plate (yellow), and HA-DP (blue) coated plate for (A) LYVE-1, (B) PDPN, (C) Prox1, and (D) VEGFR3. Real-time
qRT-PCR for late passage (P.7) LECs cultured on tissue culture plate (black), fibronectin-coated plate (yellow), and HA-DP (blue) coated plate for (E)
LYVE-1, (F) PDPN, (G) Prox1, and (H) VEGFR3. Three biological replicates (n = 3) were collected per condition and analysed with real-time gRT-PCR
with triplicate readings. Flow cytometry analysis for LECs (P.5-7) cultured on tissue culture plate (black), fibronectin-coated plate (yellow), and HA-
DP (blue) coated plate indicating percentage of cells that are (I) LYVE-1* and (J) podoplanin®*. Data represents mean + stdev., n = 4 per condition.
Significance levels were set at: *P < 0.5 and **P < 0.01.
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cantly different among different coating conditions (Fig. 4C
and D). At higher passage (P.7), compared to LECs cultured on
tissue culture plate, LECs cultured on HA-DP express higher
levels of lymphatic markers LYVE-1 (4.67 + 0.56-fold), PDPN
(4.33 + 0.33-fold), Prox1 (3.64 + 0.30-fold), and VEGFR3 (2.0 +
0.64-fold) (Fig. 4E-H). LECs cultured on fibronectin coated
plate also expressed higher lymphatic markers LYVE-1 (3.85 =+
0.57-fold), PDPN (1.94 + 0.38-fold), Prox1 (2.63 + 0.49-fold), and
VEGFR3 (1.28 + 0.63-fold) compared to LECs cultured on tissue
culture plates (Fig. 4E-H). Overall, LECs cultured on HA-DP
express higher lymphatic markers compared to LECs cultured
on tissue culture plates and fibronectin coated plates. To
further validate this trend at the protein level, we performed
FACS analysis on LECs cultured on different coating con-
ditions from passage 5 to 7. For LECs cultured on tissue
culture plate, we noticed a decrease in the percentage of
LYVE-1" cells (Fig. 4I) and podoplanin® cells (Fig. 4]) from
passage 5 to 7. LECs cultured on fibronectin coated plates also
demonstrated a decrease in the percentage of LYVE-1" cells
(Fig. 41) and podoplanin® cells (Fig. 4]) at a lesser extent.
Interestingly, LECs cultured on HA-DP coated plates main-
tained the percentage of LYVE-1" cells (Fig. 4I) and demon-
strated less decrease in the percentage of podoplanin® cells
(Fig. 4]). Overall, these results suggested that HA-DP coating
preserves lymphatic phenotypes during in vitro culture of LECs
for at least until passage 7.

FBN

HA-DP
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Differential expression of YAP/TAZ and FAK on fibronectin and
HA-DP coated plates

Since HA-DP can preserve lymphatic phenotypes better than
the standard of culture on fibronectin-coated plates, we
decided to further investigate the differences in mechanotrans-
duction among culture conditions. Difference in ECM com-
ponent often induces mechanotransduction on the cells inde-
pendent of matrix stiffness.® Though there might not be
much difference in stiffness between fibronectin and HA-DP,
we were interested in to investigate focal adhesion kinase
(FAK) and F-actin. At low passage (P.5), we did not observe sig-
nificant expression of FAK on LECs cultured on fibronectin
and HA-DP (ESI Fig. 5t1). However, at late passage (P.7) LECs
cultured on fibronectin-coated plate express higher FAK (0.03 +
0.004 count per pm?) compared to LECs cultured on HA-DP
(0.013 + 0.0004 count per pm?) (Fig. 5A and B). Similarly,
F-actin density and alignment was more pronounced in LECs
cultured on fibronectin compared to HA-DP (Fig. 5C and D).
Since FAK can also activate the “Hippo Pathway”, we also inves-
tigated YAP/TAZ and its downstream genes CTGF and MYC. At
low passage (P.5), though not significant, LECs cultured on
HA-DP express lower CTGF, YAP, and TAZ (ESI Fig. 61). But, at
high passage (P.7), LECs cultured on HA-DP express lower TAZ
(0.71 + 0.1-fold), CTGF (0.34 + 0.12-fold), and MYC (0.76 + 0.07-
fold) compared to LECs cultured on fibronectin coated plates
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Fig. 5 Focal adhesion kinase (FAK) expression of LECs cultured on fibronectin and HA-DP coated plates. Representative immunofluorescent
images of LECs (P.7) cultured on (A) fibronectin and (B) HA—DP coated plates stained for FAK (green), F-actin (red), and nuclei (blue). Scale bars are
20 pm. (C) The number of FAK per surface area was analysed for LECs cultured on fibronectin and HA-DP coated plates. (D) The orientation of
F-actin was analysed using angle variation (SD) for LECs cultured on fibronectin and HA-DP coated plates. Data represents mean + stdev., n = 4 per

condition. Significance levels were set at: **P < 0.05 and ****P < 0.001.
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Fig. 6 YAP/TAZ expression for LECs cultured on HA—-DP and fibronectin coated plates. Real-time qRT-PCR data for (A) CTGF, (B) MYC, (C) YAP, and
(D) TAZ expressed by LECs (P.7) cultured on HA-DP and fibronectin coated plates. Three biological replicates (n = 3) were collected per condition
and analysed with real-time qRT-PCR with triplicate readings. Representative confocal z-stacks of LECs (P.7) cultured on (E) fibronectin and (F) HA-
DP coated plates stained with YAP (green), TAZ (red) and nuclei (blue). Scale bars are 100 pm. Insets indicate the localization of YAP (green) and TAZ
(red). Scale bars are 20 pm. Fluorescent intensity quantification demonstrates (G) an increase in cytoplasmic localization for YAP and (H) an increase
in cytoplasmic localization of TAZ for LECs cultured on HA—DP compared to fibronectin. CTCF, corrected total cell fluorescence. Data represents
mean + stdev., n = 4 per condition. Significance levels were set at: **P < 0.5, **P < 0.05 and ****P < 0.001.

(Fig. 6A-D). These observations were also confirmed using
immunofluorescent imaging of YAP/TAZ (Fig. 6E and F).
Furthermore, quantification of the fluorescent signal indicates
that culturing LECs on HA-DP led to a more cytoplasmic local-
ization of YAP/TAZ compared to LECs cultured on fibronectin
coated plates (Fig. 6G and H). Therefore, culturing LECs on
HA-DP enabled cytoplasmic degradation of YAP/TAZ, which
subsequently enhance transcription of lymphatic master regu-
lator Prox1, including its targets LYVE-1, podoplanin, and
VEGFR3. The differences in local and global expression of
YAP/TAZ in both FBN and HA-DP explains our results and
suggests that HA-DP coated plate preserve lymphatic pheno-
types by downregulating FAK and YAP/TAZ pathways (Fig. 7).
Overall, these observations are consistent with previous

This journal is © The Royal Society of Chemistry 2023

studies that show YAP/TAZ negatively regulate Prox1 during
development and in vitro culture.'>®

Discussion

The discovery of unique lymphatic markers, such as Prox1,
LYVE-1, and PDPN have allowed the isolation and cultured of
LECs, which paved the way for many studies for better under-
standing of lymphatic biology. While it is challenging to
isolate and maintain murine LECs in culture, human primary
LECs can be isolated from adult and juvenile tissues. Once iso-
lated, these LECs can be cultured on regular tissue culture
plate, as well as on plates coated with fibronectin or collagen.
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Fig. 7 Schematic diagram depicting the role of HA—-DP in preserving lymphatic phenotypes. HA—-DP was able to preserve key lymphatic markers,
including Prox1, LYVE-1, podoplanin, and VEGFR3. When LECs are cultured on fibronectin coated plates, YAP/TAZ enter the nucleus and bind to the
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coated plates enables YAP/TAZ to undergo cytoplasmic degradation, which subsequently enhance transcription of Prox1, including its targets, such

as LYVE-1, podoplanin, and VEGFR3.

While there is no agreement on the best culture condition to
culture LECs in vitro, it has been recognized that LECs may
start to lose their lymphatic expression overtime during
culture.”®® One of these investigations even mentions
reduction in Prox1l as well. However, in this study, we con-
firmed that LECs can be cultured from P.5-7, while maintain-
ing their Prox1 expression. But they started to lose other key
lymphatic markers, such as LYVE-1 and podoplanin. Both
LYVE-1 and podoplanin are surface receptor uniquely
expressed by LECs. LYVE-1 is important for leukocytes traffick-
ing and highly abundant in lymphatic capillaries.®®®® While
podoplanin is responsible for blood-lymphatic separation and
highly abundant in lymphatic pre-collecting and collecting
51,7072 1 ymphatic capillaries are LYVE1"#" and podo-
planin'®, because of the abundant hyaluronic acid used by
leukocytes to enter the lymphatic capillaries.”*”* However, it is
still unclear if other matrix proteins are responsible for the
pre-collecting and collecting vessels to express LYVE1'®" and
podoplanin®", Therefore, understanding how different matrix
proteins can be used to enrich certain population of LECs
in vitro is important and can be used for future studies in vas-
cular and lymphatic biology.

We demonstrated that a simple coating with HA-DP can
effectively preserve key lymphatic markers over several pas-
sages in vitro. In fact, key lymphatic makers were maintained
on high passage (P.7) of LECs cultured on HA-DP, compared
to LECs cultured on fibronectin coated plates. LECs uniquely
express LYVE-1, a specific receptor for HA, and provide a
unique advantage for engineered matrices containing HA.
Other than LYVE-1, VEGFR3 is the only receptor that can pre-
serve lymphatic phenotypes in the presence of VEGF-C. But a
growth factor independent, ECM-based interaction can be
modulated through HA-DP coating, which opens many oppor-
tunities to modify culture media based on different appli-
cations. Therefore, future studies can use HA-DP to mimic

vessels.

7354 | Biomater. Sci, 2023, 1, 7346-7357

human physiology and pathology depending on the intended
applications (i.e., lymphatic capillaries vs. collecting vessels).

Moreover, we showed that LECs on HA-DP coating
expressed reduced FAK and F-actin stress fibres. FAK is con-
sidered one of the key mechanotransductory components and
one of the first molecules recruited to focal adhesions in
response to external mechanical stimuli. FAK is also a regula-
tor of F-actin dynamics.”>”® Which explains our result from
Fig. 5. As cells experience more mechanical stress, more focal
adhesion assembly occurs and in turn causes increased
amount of F-actin stress fibre and their alignment. The FAK is
a pivotal mediator of cell mechanosignaling and relays these
stimuli to other mechanotransducers like YAP/TAZ.”
Simultaneously, Hippo effectors YAP/TAZ act as mechanosen-
sing switches whose expression is analogous to the encoun-
tered mechanotransduction.”® All these concludes into the fact
that LECs experience reduced mechanotransduction on HA-
DP coating compared to fibronectin.

The “Hippo Pathway” and YAP/TAZ are critically involved in
initial LEC specification, differentiation, and sprouting during
early lymphatic development and in maintaining lymphatic
integrity during adulthood.®® Recent studies described that
YAP/TAZ work as stress-mediated mechanotransducers in
LECs like that of BECs but different in that YAP/TAZ regulate
Prox1 transcriptional activity in LECs.”®®® Strikingly, lymphatic
YAP/TAZ negatively regulate Prox1 transcription, and they
modulate Prox1 activity and lymphatic plasticity.®® Consistent
to previous findings, our data also suggest that culturing LECs
on HA-DP coated plates causes cytoplasmic degradation of
YAP/TAZ, which subsequently enhances transcription of lym-
phatic master regulator Prox1, including its targets LYVE-1,
PDPN, and VEGFR3.

Collectively, we demonstrated that a simple HA-DP can be
used to preserve lymphatic phenotypes during in vitro culture
of primary LECs. Mechanistically, HA-DP caused downregula-

This journal is © The Royal Society of Chemistry 2023
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tion of YAP/TAZ, which upregulate Prox1l and therefore main-
tain lymphatic phenotypes, consistent with previous findings.
We hope that these results would further improve subsequent
in vitro studies and inspire other researchers to adapt this
technology for other applications (i.e., culturing mouse LECs,
which has been known to be very difficult to culture in vitro).
Overall, this simple yet effective HA-DP coating may be useful
for culturing human LECs in vitro for applications in basic
lymphatic biology and lymphatic regeneration.
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