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In brief

To advance lymphatic vessel
engineering, Lightsey at el. develop a
microfluidic device-based approach that
integrates physiologically relevant
extracellular matrix cues with oscillatory
shear stress. Using human lymphatic
endothelial cells cultured on dopamine-
modified hyaluronic acid or fibronectin,
this approach reveals how the matrix-
flow interactions drive
mechanotransduction, collecting vessel
specification, and lymphatic
morphogenesis.
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MOTIVATION

Complications in the lymphatic system (i.e., ymphedema, cancer metastasis, impaired wound

healing, cardiovascular disease, etc.) have become increasingly prevalent, but there are limited in vitro
lymphatic engineering models that can provide the in vivo complexity of the biomechanical and biochemical
signaling required for proper collecting lymphatic vessel function. To address this, we introduce an extracel-
lular matrix-based hyaluronic acid coating along with various oscillatory laminar shear stress levels to induce
an increasingly lymphatic collecting vessel phenotype for modeling and engineering purposes.

SUMMARY

The engineering of a 3D lymphatic collecting vessel has been of recent interest due to the lack of treatments
for lymphatic valve disruptions. While oscillatory shear stress has been shown to regulate lymphatic collect-
ing vessel morphogenesis, its effect in the context of physiologically relevant extracellular matrix remains
elusive. In this study, we used a microfluidic device to elucidate the effect of oscillatory shear stress on hu-
man lymphatic endothelial cells cultured on dopamine-modified hyaluronic acid or fibronectin. Here, we
show that hyaluronic acid can synergistically enhance mechanoresponsive morphological changes, activate
cytoskeleton localization, induce nuclear expression of key mechanosensitive markers (PROX7 and FOXC2),
amplify mechanotransduction pathways (VE-CAD and mTORC1), and downregulate capillary lymphatic
markers (PDPN and LYVE-1). These results highlight the potential of hyaluronic acid-based materials for

the generation of 2D and 3D lymphatic collecting vessel models.

INTRODUCTION

The lymphatic system is an essential component of the circula-
tory system that helps maintain tissue fluid homeostasis as
well as transport immune cells and performs other regulatory
functions in the human body. Thus, there are many complica-
tions that can arise in the lymphatic system such as lymphatic
drainage disruption (e.g., lymphedema), cancer metastasis,
and impaired wound healing. Current treatment options for these
complications are limited and do not resolve the impaired
lymphatic vasculature that contributes to these pathologies.’
In recent years, the use and development of lymphatic tissue
engineering strategies have been explored to treat and model
all these complications.’™ These strategies include the use of
biomaterials, biochemical cues, co-culturing methods, various

cell sources, mechanical stimuli, or a combination of any of
these to induce lymphangiogenesis (i.e., the process of creating
new lymphatic vessels) either in vivo or in vitro.'"™ Many of
these mentioned strategies have demonstrated promising re-
sults in engineering lymphatic capillaries®®~"%; however, these
vessels resemble initial lymphatic vessels rather than collecting
lymphatic vessels within the lymphatic system.

Collecting lymphatic vessels are the vessels within the
lymphatic system that are responsible for actively transporting
lymph to the lymph nodes and, eventually, blood circulation.*'®
These vessels are segmented into lymphangions that have
unidirectional, intraluminal bi-leaflet valves that prevent back-
flow of lymph and assist in maintaining the forward flow of
lymph during lymphangion contractions caused by surrounding
lymphatic smooth muscles cells and other tissues.'* %1720
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Recently, it has been found that the defects in valve develop-
ment and/or collecting vessel maintenance can lead to lymphe-
dema and possibly contribute to other pathologies (obesity,
fibrosis, chronic inflammation, tumor metastasis, etc.).'*'>"8
Thus, engineering a functional collecting lymphatic vessel,
both in vitro and in vivo, can provide a physiologically relevant
and more effective platform for treatments and disease
modeling.

The use of biomaterials is of particular interest as it can mimic
the extracellular matrix (ECM) properties that are necessary for
collecting vessel and lymphatic valve formation. Previous
studies have found that the accumulation of specific ECM pro-
teins are found in the early stages of collecting vessel specifica-
tion and lymphatic valve formation/maturation.?’? In vitro,
lymphatic endothelial cells (LECs) cultured on different ECM
coatings have exhibited varying growth rates and differed in
their expression of identifying markers.?>** Fibronectin (FN),
one of the most frequently used coatings for in vitro LEC culture,
has demonstrated increased LEC adhesion and more pro-
liferating nuclei compared with LEC cultures in uncoated envi-
ronments.”**> Previous studies have also demonstrated that
mutant variants of fibronectin serve as an essential ligand for
the unique LEC receptor integrin-a9 and that this interaction is
necessary for proper LEC adhesion and migration.?>** Another
component of ECMs in vivo, collagen, is less commonly used
as an in vitro ECM coating for LECs due to its ability to provide
structure that can guide LEC growth.?* The ability of biomaterials
to affect lymphangiogenesis demonstrates that ECM com-
ponents are promising coatings for in vitro culture and that
incorporating ECM components is necessary to engineer an
in vivo functional collecting lymphatic vessel. Hyaluronic acid
(HA) is an essential component of the ECM, and synthetic HA
has been found to preserve LEC phenotype in vitro by enhancing
key lymphatic receptors and interact with LYVE-1 (lymphatic
vessel endothelial hyaluronan receptor 1; a homolog of
CD44).>* Though not commonly explored, previous studies
have found that low-molecular-weight (LMW) HA is associated
with the induction of lymphangiogenesis in LECs,*® interacts
with LYVE-1 receptors to transmit signals,”” and modulates
cell spreading/migration.”® In addition to promoting lymphangio-
genesis and preserving lymphatic characteristics, HA’s tunable
stiffness, chemical modifiability, and non-immunogenicity also
serve to make HA a promising candidate for tissue engineer-
ing.2%242932 For these reasons, exploring the use of HA as a
material that can mimic the ECM in addition to other factors
that promote lymphangiogenesis (i.e., mechanical stimulation,
co-culturing, or biochemical cues) could advance the engineer-
ing of a collecting lymphatic vessel.

The lymphatic system is constantly exposed to shear stress
in the body, and the LECs present within the vessels are sen-
sitive and respond to these physiological shear stresses. The
LECs within the lymphatic capillaries experience laminar shear
stress, while the LECs within the collecting vessel more frequently
experience oscillatory shear stress (0SS).'® This oscillatory flow
is often classified as a disturbed flow and can be modeled
in vitro with a laminar flow moving in a bidirectional manner.'#'5:3%
Furthermore, previous studies have found that the presence of
a disturbed flow contributes to the development of lymphatic
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valves within collecting vessels in vivo, and OSS at physiological
rates can induce LECs into collecting vessel phenotypes
in vitro."*"'®%37 Thus, many mechanosensors and mechano-
transduction pathways necessary for lymphatic collecting vessel
development and maintenance in LECs have now been identified
and explored for characterization.'*'>****! |n particular, the
expression of key lymphatic vessel formation and maintenance
transcription factors, such as FOXC2 and PROX1, differs in leaflet
valve LECs compared with sinus LECs found within the collecting
vessels®>*>*"“(Figure 1A). This is a result of the shear stress
levels being higher at the leaflet region than in the sinus region,
though they both experience the oscillatory flow.*” Another
mechanosensor is the adherens junction proteins VE-cadherin
(VE-CAD), which regulates lymphatic cell alignment and junctional
integrity both in vivo and in vitro in response to shear stress for
lymphatic vessel development and maintenance in collecting
vessel LECs.?35%3%% Other mechanosensitive cellular properties
of LECs, such as proliferation and alignment, have also been
described within the collecting vessels.®*>2":4647 Though there
is a growing interest in detailing lymphatic collecting vessel
development, there is also the potential to use OSS as a biome-
chanical cue to engineer and mature LECs into a functional col-
lecting vessels.

Here, we describe a method to induce a collecting vessel
phenotype in LECs in vitro by introducing both physiological
flow and synthetic HA to the cells. Based on previous in vivo
and in vitro studies,®”****4~5% two OSS rates (0.5 and 10 dyn/
cm?) were used to stimulate the differing regions in the collect-
ing vessel in these cells (Figure 1). We utilized our previously
described synthetic dopamine-conjugated HA (HA-DP) coating
to synergistically influence and maintain the lymphatic collect-
ing vessel phenotype by reducing focal adhesion kinases
(FAKs) and cytosol/cytoplasm F-actin fibers (confirmed in this
study in static conditions), which result in the cytoplasmic
degradation of YAP/TAZ that enhances PROX1 and its targets,
thus preserving LEC characteristics and phenotypes.”* We
specifically used HA-DP at a degree of substitution value of
47% for its optimal usage of an in vitro coating and HA-binding
site availability®® (Figure S1). By investigating the effects of
each stimulus individually and in combination, we report that
OSS and HA interaction induces a lymphatic collecting vessel
phenotype in the cultured LECs. We demonstrated that
compared with the LECs cultured on FN (FN-LECs), the
LECs cultured on HA-DP (HA-DP-LECSs) exhibited an increase
in their mechanotransduction activity in the presence of OSS
and displayed mechanosensitive in vivo lymphatic collecting
vessel properties.

RESULTS

HA-DP enhances lymphatic valve and sinus
morphological characteristics

The presence of OSS in vitro has been demonstrated to influence
the morphological response in LECs to a more cuboidal shape,
which is similar to lymphatic valve-forming cells in vivo.**
Surrounding lymphangion cells have been found to be more
squamous.®®> On the basis of previous findings that de-
monstrated mechanotransduction differences between ECM



Please cite this article in press as: Lightsey et al., Engineering lymphatic collecting vessel phenotypes through combined hyaluronic acid cues and
oscillatory shear stress, Cell Reports Methods (2026), https://doi.org/10.1016/j.crmeth.2026.101574

Cell Reports Methods

¢? CellPress

OPEN ACCESS

A
Leaflet
Highoss f O O - .
g OO O O In vivo FOXC2 In vitro
ngh 0ss VE-cadherin
2
10 dyne/cm “—> —> —> Prox1 an 0o
—, T —
Sinus = —_—
Pulsatile FOXC2 _
shear < > < > ¢ > ) Low 0SS High 0SS
stress VE-cadherin ~0.5 dyne/cm? ~10 dyne/cm?
|- 2z 2z
B

Figure 1. Physiological OSS in the valve region of lymphatic collecting vessels
(A) The sinus and leaflet regions of the lymphatic valve in the collecting vessel experience different rates of oscillatory shear stress (OSS). In these identified
regions, LECs exhibit differential expression of key lymphatic mechanotransduction markers (PROX1, FOXC2, and VE-CAD). LECs have been found to alter and

partially mimic these mechanotransduction responses in vitro.

(B) Using the ibidi pump system, HA-DP and FN coatings were used to investigate in vitro OSS behavior and compare the resulting LEC phenotypes. Schematic

was created with BioRender.com.

components,”®?*** ¢ we investigated whether the HA-DP

coating would alter lymphatic cell morphological characteristics
that occur in response to OSS. We demonstrated that the HA-
DP-LECs had significant changes in the cellular membrane
shape distribution compared with the FN-LECs (Figure 2A).
The average shape of individual cells in the population became
either less circular (i.e., more irregular) or less round (i.e.,
decreased aspect ratio) in all conditions (Figure 2B). To confirm
elongation changes, we also analyzed the nuclei of the corre-
sponding cells. These morphological characteristics can be
seen as early as 6 h after OSS (Figure S2). The circularity and
roundness of the nuclear shapes were found to be significantly
increased or decreased with the HA-DP coating compared to
the FN-LECs at static and high-OSS conditions, while also
showing OSS-dependent changes at low OSS that were not
seen in FN-LECs (Figure 2C). These changes in shape descrip-
tors show that the HA-DP coating influenced a more irregular
morphology across all conditions. Altogether, we observed
that static HA-DP-LECs became more irregular, low-OSS HA-
DP-LECs had a more elongated cell membrane (a typical charac-
teristic of squamous sinus LECs®?), and high-OSS HA-DP-LECs
were increasingly cuboidal (a feature of lymphatic valve-forming
LECs33), as observed from their more circular nuclei but less

round membranes (Figure 2D). To confirm the collecting vessel
morphology, the VE-CAD membrane was assessed to determine
the presence of “zipper-like” structures between the cells
(Figure S3). We observed an increase in continuous junction
membrane thickness in HA-DP-LECs compared with the FN-
LECs (Figure 2E) as well as increased slab and voxel junction
branching in the cell membranes (Figure 2F) that are character-
istic of “zipper-like” junctions.**°"°® Thus, the HA-DP coating
altered the morphological responses of LECs in the presence
of OSS to become increasingly like their corresponding in vivo
collecting vessel leaflet and sinus LECs.

HA-DP induces cytoskeleton distribution and activates
perinuclear and cytoplasmic F-actin

F-actin distribution between the static and OSS conditions
have been found to be similar in vitro, while F-actin activation
and localization in LECs have been found to be altered under
in vitro static and flow conditions as well as within different
areas of the developing lymphatic valve in vivo.**°° We then
investigated the F-actin directionality, intensity, and localiza-
tion properties between HA-DP-LECs and FN-LECs under
static, low-OSS, and high-OSS conditions. We observed cyto-
skeleton differences between FN-LECs and HA-DP-LECs

Cell Reports Methods 6, 101574, November 16, 2026 3
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* Figure 2. Collecting vessel morphology is
confirmed and enhanced in HA-DP-LECs,
especially under OSS

(A) VE-CAD (red) staining in HA-DP-coated slides
demonstrated an increase in the morphological
response of LECs to varying OSS rates to either a

FN
[HA-DP

more cuboidal shape (at low OSS) or more squa-
mous shape (at high OSS) compared with the FN
coating. Scale bars: 100 pm.

(B) Circularity and roundness of LEC membranes
under static and OSS conditions.

(C) Nuclear circularity and nuclear roundness
of LECs under static and OSS conditions. Circu-
larity values: 1, perfect circle; 0, irregular shape.

oFN

’fi} OHA-DP

Roundness values: 1, more circular. Data repre-
sent the mean + SD, with n = 3 slides per condition
(three images per slide and >70 cells per image).
(D) Graphical summary of the morphological dif-
ferences between FN and HA-DP LECs. Created
in BioRender.com.
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(E) Average VE-CAD membrane thickness (pixels)
I across n = 3 slides (three images per slide).

(F) Average junction voxel and slab voxel counts
per cell. Data represent the mean + SD, withn =3
slides per condition (three images per slide).
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the same between HA-DP-LECs and
FN-LECs (Figure 3F). To assess the
trends further, ratios between F-actin
localization regions were determined
to quantify cytoskeleton organization

Thickness (pixels)
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under static and OSS conditions (Figure 3A). Quantitative anal-
ysis and normalization demonstrated that both FN and HA-DP
similarly distribute the cytoskeleton in 0°-90° directionalities
in the presence of OSS (Figure 3B). There was also no signifi-
cant change in confluency across all conditions (even at a
different concentration of FN), and confluency changes
occurred only between 0 and 48 h of shear stress after slides
reached confluency (Figure S4). At higher magnifications, the
nuclear F-actin intensity in HA-DP-LECs was higher than that
in FN-LECs in OSS conditions (Figures 3C and 3D). These find-
ings can be associated with enhanced mechanotransduction
signaling and elevated mechanical responses.®**7¢%:61 e
then observed that the perinuclear intensity in HA-DP-LECs
was decreased in static and low-OSS conditions but increased
in high-OSS conditions compared with FN-LECs (Figures 3C
and 3E). HA-DP influenced a more responsive biomimetic
accumulation of perinuclear F-actin high-OSS (“leaflet like”)
conditions®*°>%? when compared with FN-LECs. In the cyto-
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Low OSS

(Figures 3G-3l). We found that static
HA-DP-LECs had a higher nuclear/
perinuclear ratio and no change in the
other ratios compared with FN-LECs, thus demonstrating
an expected accumulation of cytoplasmic F-actin®®:°%:6?
and an increased localization in the nuclei (Figures 3G-3l).
Low-OSS HA-DP-LECs had an increased perinuclear/cyto-
plasm, nuclear/cytoplasm, and nuclear/perinuclear localization
of F-actin compared with FN-LECs, thus confirming reduced
cytosol F-actin, which is a characteristic of cortical F-actin
found in squamous collecting vessel LECs.***>°® High-OSS
HA-DP-LECs ratios remained the same but showed a signifi-
cant decrease compared with low-OSS HA-DP-LECs in terms
of all ratios (unlike FN-LECs) (Figures 3G-3l). This demon-
strates that the shear-stress-dependent mechanotransduc-
tion signaling is not negatively impacted by HA-DP and that
there is an enhanced mechanical response in HA-DP-LECs
under OSS. These findings demonstrate that HA-DP-LECs
are responsible for reorganizing and distributing the cytoskel-
eton properly in response to OSS, while also further activating
certain localized filaments.

High 0SS
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Figure 3. HA-DP-LECs induce cytoskeleton distribution and provide more prominent OSS-related F-actin responses

(A) F-actin in LECs demonstrates alignment changes based on OSS and coating. Scale bars represent 100 pm.

(B) Average percent distribution of the directionality of LECs. Mean of n = 3 slides per condition (three images per slide and >90 cells per image).

(C-I) Nuclear, perinuclear, and cytoplasm F-actin localization and distribution of LECs. Scale bars: 50 um. Integrated density per cell at (D) nuclear, (E) perinuclear,
and (F) cytoplasm location with (G) perinuclear/cytoplasm ratio, (H) nuclear/cytoplasm ratio, and (l) nuclear/perinuclear ratio. Data represent the mean + SD, with
n =3 slides per condition (three images per slide and >30 cells per image). Two-way ANOVA was performed with a Tukey’s multiple-comparison test. Significance

levels were set at *p < 0.5, *p < 0.01, **p < 0.001, and ***p < 0.0001.

HA-DP amplifies mechanotransduction responses in
LECs in response to varying OSS rates
Lymphangiogenesis is characterized by a high number of markers
and pathways, which include mechanotransduction path-
ways, '#15:38,34,36-41.43.44 The expression of key lymphatic valve
formation and maintenance transcription factors, such as
FOXC2 and PROX1, differs in leaflet valve LECs compared with
collecting vessel LECs found in the sinus region.%%:37:40:42:45
To investigate the lymphatic collecting vessel phenotype,
PROX1, FOXC2, and VE-CAD were immunofluorescence stained
and quantified (Figure 4A). Protein intensity quantification demon-
strated that there were significant changes in HA-DP-LECs in the
presence of OSS (Figures 4B-4D). Though nuclear PROX1 re-
mained consistent between HA-DP-LECs, VE-CAD increased
and FOXC2 decreased at high OSS with HA-DP. These elevated

markers are characteristic of LECs in collecting vessels in the
presence of 0SS.*”*** The decrease in PROX1 at high OSS
for both FN-LECs and HA-DP-LECs is expected, as this frequent
rate can cause LEC damage and is associated with in vivo
PROX1'°" populations in the collecting vessel.>**” However, we
did observe enhanced PROX1 and FOXC2 nuclear localization
in HA-DP-LECs at all OSS rates (Figures 4E and 4F), demon-
strating the HA-DP enhancement of gene regulation and activity.
To further confirm the collecting vessel phenotype, we assessed
PDPN and LYVE-1 expression in all conditions. We found that
PDPN in HA-DP-LECs decreased in response to all OSS condi-
tions, unlike FN-LECs, and was significantly less expressed in
OSS conditions compared with FN-LECs (Figures 4G and 4H).
LYVE-1 expression was decreased in response to OSS in HA-
DP-LECs and FN-LECs, with HA-DP-LECs having comparatively
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Figure 4. Key lymphatic mechanotransduction markers are more efficiently localized while key lymphatic capillary markers are decreased in
HA-DP-LECs under OSS

(A-D) Expressions of primary mechanosensitive lymphatic markers (PROX1, FOXC2, and VE-CAD) were investigated and quantified in FN-LECs and HA-DP-
LECs.

(E and F) Nuclear localization of PROX1 (E) and FOXC2 (F) was measured from immunofluorescent images. Scale bars: 100 pm. Data represent the mean + SD,
with n = 3 slides per condition (three images per slide and >400 cells per image).

(legend continued on next page)
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higher LYVE-1 in static conditions and lower LYVE-1 in low-OSS
conditions (Figures 4l and 4J). This PDPN'°Y/LYVE-1"" pheno-
type in HA-DP-LECs are characteristic of the collecting vessel
LECS.35’37’40’63

To further assess these pathways in the presence of OSS and
with HA-DP coating, a pre-formatted PCR array panel with
markers and targets for angiogenesis and lymphangiogenesis
was used to analyze and detect genes present in these slides.
Heatmaps between both HA-DP-LECs and FN-LECs demon-
strated that there was a change in angiogenic and lymphangio-
genic gene expressions at static and all OSS rates (Figure 5A).
Furthermore, volcano plots of HA-DP-LECs and FN-LECs under
OSS compared with static FN-LECs demonstrated that HA-DP-
LECs underwent greater fold changes in markers (Figure 5B).
Key collecting vessel lymphatic markers also appeared to be
altered with the HA-DP coating, with an overall increase in
PROX1 and CDH5 (i.e., genes encoding VE-CAD) in HA-DP-
LECs under all static and OSS conditions (Figures 5C and 5E).
FOXC2 expression between the HA-DP-LECs and FN-LECs fol-
lowed the trend seen at the protein level (Figure 5D). LYVE-1
expression in FN-LECs and HA-DP-LECs was similar to its pro-
tein expression trends, which confirmed the elevated LYVE-1/
HA interaction in static HA-DP-LECs and its downregulation in
OSS conditions (Figure 5F), essential for the lymphatic collecting
vessel.®* Interestingly, HA-DP-LECs showed reduced VEGF-C
expression in all conditions, while FN-LECs had decreased
VEGF-C only in OSS conditions (Figure 5G). Other relevant
markers, such as VEGFR2 and CTGF (i.e., YAP/TAZ downstream
marker), confirmed the general lymphatic identity preservation in
static HA-DP-LECs and/or also showed an increased collecting
vessel phenotype in OSS conditions (Figure S5). These findings
demonstrate that the HA-DP-LECs either similarly induce or
enhance mechanotransduction responses found in the collect-
ing vessel in the presence of varying OSS rates.

Proliferation activity and mTORC1

mechanotransduction activity enhanced in HA-DP-LECs
In vivo proliferation profiles show that the collecting vessel LECs
undergo greater proliferation than the capillary vessel LECs and
that the highest proliferative LEC population is found in the valve
area (especially sinus region) to maintain valve integrity.>"4
To investigate any differences in the proliferation activity,
the cells were immunofluorescence stained with Ki67 after
OSS exposure. We confirmed the Ki67* percentage trends in
FN-LECs (Figures 6A and 6B), as depicted in previous studies.®’
However, we found that HA-DP-LECs has a significantly
increased Ki67* percentage at high OSS, which is characteristic
of the collecting vessel phenotype, while FN-LECs under high
0SS had a lower Ki67" percentage (Figure 6B). At low OSS,
the HA-DP-LECs also had increased Ki67* compared with static
HA-DP-LECs, a characteristic of sinus LECs. While the prolifer-
ation activity was similar between HA-DP-LECs and FN-LECs
in the static and low OSS conditions, the maintenance of prolif-
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eration activity in HA-DP-LECs in OSS conditions was found in
the collecting vessels but not seen in FN-LECs (Figure 6B).

It has been recently found that mMTORC1 signaling is a mecha-
nosensitive pathway that is essential for lymphatic collecting
vessel development and maintenance, specifically for the cell
proliferation profiles and durability of valve (leaflet and sinus)
LECs.*>**%" To confirm the maintained presence of shear stress
level-dependent mechanotransduction processes in HA-DP-
LEGCs, all conditions were treated with rapamycin (a pharmaco-
logical inhibitor of mMTORC1) to confirm the loss of collecting
vessel phenotypes, including mTORC1 activity, lymphatic cell
identity, and proliferation behavior, which were similar between
the HA-DP-LECs and FN-LECs. Using phosphorylated S6
(pS6) ribosomal protein (Ser240/244) to determine the levels of
mTORC1 activity,®”°® we demonstrated that the average pS6 in-
tensity was similarly increased only at high OSS in both HA-DP-
LECs and FN-LECs treated with rapamycin (Figures 6C and 6D).
However, HA-DP-LECs showed a significantly lower level of pS6
at high OSS than the FN-LECs under rapamycin treatment
(Figure 6D). Similarly, rapamycin-treated HA-DP-LECs and FN-
LECs had a comparable average PROX1 intensity under static
and low-OSS conditions, but HA-DP-LECs under high OSS
had significantly lower PROX1 intensity than the FN-LECs under
high OSS (Figures 6E and 6F). Interestingly, the Ki67" percent-
ages between the HA-DP-LECs and FN-LECs treated with rapa-
mycin under static and OSS conditions remained insignificant
and showed no differences (Figure S6). Thus, we show that
HA-DP-LECs can maintain and/or increase the inhibition of
mTORCH1 in the presence of rapamycin during static and OSS
conditions, which suggests its mechanistic reliance on the me-
chanosignaling pathways.

DISCUSSION

LECs are mechanoresponsive to either laminar or oscillatory
flow both in vivo and in vitro. To model lymphatic develop-
mental biology, in vitro OSS has been previously used to
achieve the phenotypes found within the lymphatic system,
particularly the lymphatic collecting vessel.®* 26:45:5%:69.70 How-
ever, there has been limited findings on how in vitro OSS can
mechanically induce LECs for lymphatic tissue engineering
purposes.*®°%71="3 Fyrthermore, previous studies have per-
formed in vitro OSS in LECs that have been coated with FN
due to its required interaction with integrin-a9 on LECs for
lymphatic valve morphogenesis.”>*° By investigating the
0SS-induced mechanotransduction responses in LECs on
another promising ECM material (HA), we report a method to
better induce the lymphatic collecting vessel phenotype in
cultured LECs via the HA-LYVE-1 interaction.

Morphological and cytoskeleton alterations in LECs are the
key indicators of mechanotransduction signaling, especially in
response to oscillatory flow, '#17:3%:35:47.59.74.75 Thege alterations
are also present in vivo, specifically in differing areas of the

(G-J) Lymphatic capillary markers were investigated and quantified, specifically (G and H) PDPN and (I and J) LYVE-1. Scale bars: 50 um. Data represent the
mean + SD, with n = 3 slides per condition (three images per slide and >90 cells per image). Two-way ANOVA was performed with a Tukey’s multiple-comparison

test.

Significance levels were set at *p < 0.5, **p < 0.01, **p < 0.001, and ****p < 0.0001.
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Figure 5. HA-DP and OSS influence the regulation of lymphangiogenesis genes that are mechanosensitive in LECs
(A) Heatmap of human angiogenesis PCR panel between FN and HA-DP LECs across varying OSS rates confirms differing mechanotransduction responses.
(B) Volcano plots of all conditions compared with static FN, using a Student’s t test with the specified group. Significant boundary of p value is at 0.05, and fold

change boundary is at 2.

(C-G) Key collecting vessel/identity lymphatic markers, PROX1 (C), FOXC2 (D), CDH5 (E), LYVE-1 (F), and VEGF-C (G) demonstrate OSS- and coating-dependent
alterations in respective genetic expressions. Data represent the mean + SEM of n = 3 pooled slides.

collecting vessel.*® The use of HA-DP with LECs under static and
OSS conditions provided an alternate biomechanical stimulation
that improved the distribution of cellular shapes to more similarly
reflect corresponding in vivo characteristics®® (i.e., increasingly
elongated at static, increasingly cuboidal at low OSS, and
increasingly squamous at high OSS). In our previous study
describing the interaction between LECs and HA-DP, we found
that the expression of FAKs and F-actin stress fibers decreased,
thus leading to the conclusion that there is less mechanotrans-
duction signaling compared with fibronectin in static condi-
tions.?* However, our detailed findings on F-actin distribution
and increased localized intensity trends in static and OSS HA-
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DP-LECs, compared with FN-LECs, demonstrate the significant
presence of the mechanotransduction signaling properties
from HA-DP. Furthermore, the OSS-dependent changes in
F-actin localization, intensity, and ratios in HA-DP-LECs are
more consistent with in vivo F-actin characteristics of collecting
vessels.>**>%2 HA-DP provides an increasingly biomimetic 2D
environment for cytoskeleton arrangement, especially in the
presence of OSS, which is crucial for understanding collecting
vessel development. These conclusions are also consistent
with the previous findings of HA-LYVE-1 interactions on LECs
being dependent on cytoskeleton actin arrangement and
distribution.”®
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when LECs are exposed to OSS.
PROX1 is elevated in the lymphatic valve
in vivo,3254%45 which was confirmed in
the protein quantification of both FN-
LECs and HA-DP-LECs exposed to low
OSS (Figure 4B). PROX1 expression
was found to be generally increased
in HA-DP-LECs at all rates compared
with FN-LECs and its protein expres-
sion (Figure 5C). Though previous
studies with FN-LECs have not found

Static

Static Low OSS High OSS

pS6 Integrated Density/Cell (AU)
N
X
=
>
PROX1 Integrated Density/Cell (AU)

® FN + RAPA e HA-DP + RAPA

Mechanosensing pathways that are responsive to OSS in
LECs lead to mechanotransduction pathways that control
important lymphangiogenesis responses, including collecting
vessel development.'*1%:%3-*1 PROX1 is required for mechano-
transduction signaling in response to flow and is an important
regulator of lymphatic development.'#33:3%:59.64 FOXC2 is
upregulated in collecting vessel LECs in response to flow and
is the key marker responsible for the maturation and develop-
ment of lymphatic valves.**3>#%4%77 VE_.CAD is also upregu-
lated in lymphatic valve LECs in response to flow and plays
a role in OSS mechanotransduction signaling (including
regulating expression of PROX1 and FOXC2) for lymphatic
collecting vessel development and maintenance.®**>%* In
response to physiological OSS flow rates, we found that
HA-DP-LECs tend to experience rate-dependent expressions
of PROX1, FOXC2, and VE-CAD, which are essential charac-
teristics for collecting vessel LECs. We also found that the ge-
netic expression of key regulator markers may vary between
shear stress levels and coatings (FN and HA-DP), thus demon-
strating the possible role of post-translational modifica-
tions®*"® and/or translational regulation mechanisms’®%°

Low OSS ngh 0ss

® FN + RAPA e HA-DP + RAPA

in vitro OSS-dependent increases in
PROX1,%3344381 avidence from this
study suggests that the introduction of
a higher frequency shear (~2 Hz) in an
oscillatory laminar flow replicates and/or enhances previous
in vitro lymphatic collecting vessel FN-LEC phenotypes. The
higher frequency was conducted to provide an increasingly
biomimetic environment (i.e., similar to OSS/disturbed flow)
that experiences increased inertial forces (Womersley number
above 2; Figure S7)'6:33:42:48.82,83 rg|ated to oscillations, while
still maintaining an overall viscous dominated flow (Reynolds
number at ~0.12). Furthermore, collecting vessel and
lymphatic valve LECs experience increased expression of
FOXC2 compared with capillary LECs, with the highest expres-
sion of FOXC2 being located in the sinus area of the lymphatic
valve that is usually in the presence of low recirculating flow (<1
dyne/cm?).'#33:%% Though FOXC2 expression was relatively
indifferent between most conditions (Figure 5D), the FOXC2
expression was elevated under low OSS and decreased under
high OSS in HA-DP-LECs, while those in FN-LECs remained
unchanged under high OSS (Figure 4C). Nuclear localization
of PROX1 and FOXC2 increased significantly in response to
OSS in HA-DP-LEGs, thus signifying increased signaling and
marker activity.>* CDH5 expression was elevated and OSS
rate dependent in HA-DP-LECs across all conditions compared
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with FN-LECs (Figure 5E), with VE-CAD expression being
OSS dependent and elevated as well (Figure 4D). Furthermore,
HA-DP-LECs expressed less PDPN compared with FN in all
OSS conditions and less LYVE-1 in low-OSS conditions
(Figures 4H and 4J). These changes in key lymphatic and
mechanotransduction markers signify the influence of HA-DP
in LECs under OSS and its ability to manipulate the biomechan-
ical behavior. The PCR array demonstrated the increased
trends in fold changes in HA-DP-LECs compared with FN-
LECs under static and OSS conditions, which further displays
the influential capabilities of HA-DP (Figures 5A and B). Further-
more, the characteristic expression of lymphatic collecting
vessel-related markers across all conditions in HA-DP-LECs
demonstrated and confirmed that HA-DP can heavily influence
the LEC mechanotransduction signaling and pathways
(Figures 5C-G).

To further confirm the stronger mechanotransduction
influence of HA-DP in OSS responses in LECs compared
with FN, we investigated the proliferation activity, as its impor-
tance in lymphatic collecting vessel development and mainte-
nance as well as its dependence on OSS rates has been
recently identified and highlighted.®*:*>37:42:85 The escalator
model, proposed and confirmed by Saygili Demir et al.,®” illus-
trates that sinus LECs that are exposed to low OSS tend to
increase their proliferation activity to replace the leaflet LECs
that are exposed to high OSS due to damage and low prolif-
eration activity. The in vitro findings in Saygili Demir et al. were
confirmed with the FN-LECs (Figure 6B) under the selected
low- and high-OSS rates in this study. However, HA-DP-
LECs demonstrated similar increases in the proliferation
activity during both low and high OSS compared with static
conditions (Figure 6B), thus confirming the change in
mTORC1 signaling, which is mechanosensitive to OSS and
differing shear stress levels. Though not following previous
models, the increased proliferative activity in HA-DP-LECs
under OSS compared with static conditions is characteristic
of collecting vessel LECs compared with capillary vessel
LECs®*>®*"*¢ which distinguishes the HA-DP-LECs.

The mechanosensitive role of mTORC1 signaling in LECs
exposed to shear stress during lymphatic collecting vessel
development has recently been highlighted to be necessary for
proper mechanotransduction pathway responses.®’:4°:46:65-67
The use of rapamycin inhibits the function of mMTORC1 and has
been found to most significantly impact the proliferative
response of LECs to low shear stress.®’ It has also been found
that rapamycin can inhibit LEC proliferation and PROX1 expres-
sion in static conditions.*®%® We report that HA-DP-LECs
demonstrated similar or further inhibition of mTORC1 when
treated with rapamycin depending on the shear stress condition,
which confirms its mechanotransduction dependence on
the critical mMTORC1 pathway and increased mechanosignaling
activity compared with FN-LECs. Notably, the decreased pS6
and PROX1 expression at high OSS in HA-DP-LECs (Figures
6D and 6F) provides mechanistical insight that suggests an
increased dependence on the mTORC1 pathway, which is
likely due to its role in regulating PROX1°® and the confirmed
behavior of HA-DP on key lymphatic markers in static and OSS
conditions.
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Most studies have utilized FN as a coating to study the mecha-
notransduction processes related to lymphatic collecting vessel
development in LECs when they are exposed to 2D shear
stress 33739:37:40:45:47.86 However, the engineering of a 3D col-
lecting lymphatic vessel requires the use of a biomaterial-based
hydrogel that is tunable and can be manipulated both chemically
and mechanically to ensure that lymphangiogenesis occurs
properly and is reproducible. As demonstrated in previous
studies, "% 13:23:49.55.71-7T3.87 thg ideal hydrogels for facilitating
in vivo and in vitro lymphangiogenesis are synthetic and need
to be validated once introduced to increased mechanical forces
(i.e., flow). Recent microfluidic models that incorporate the
biomechanical forces in the valve morphology, such as the
thrombosis-on-a-chip platform® and vein-chip platform,®® also
require incorporating lymphatic-related ECM biomaterials to
enhance the lymphatic collecting vessel phenotype. By using
our synthetic HA-based coating and comparing it to FN coating,
we report that LECs can synergistically enhance their mechano-
transduction activity that is found in vivo when they’re devel-
oping into collecting vessel LECs (Figure 7). We demonstrated
that the combinational use of a biomechanical (OSS) and
biochemical (HA-DP) stimuli can induce increased collecting
vessel-related lymphangiogenesis in LECs. These findings
confirm the mechanotransduction properties of LECs and the
complexity of their ECM interactions to inspire future directions
of engineering 3D collecting lymphatic vessels. Furthermore, it
provides potential mechanistic pathways (i.e., LYVE-1, PROX1,
etc.) to be explored in LECs when they are exposed to shear
stress. Overall, HA and OSS are viable mechanisms to explore
the in vitro 2D and 3D culturing of collecting vessel LECs.

Limitations of the study

While our study demonstrates the significance of the HA and
LEC interaction in the presence of in vitro OSS, the precise
characterization of the disturbed and recirculatory flow found
in vivo is difficult to model in vitro,”****° which can perturb the
expected in vivo LEC behavior. To ensure a representative
and accurate model, we have utilized a previously defined and
validated in vitro shear stress model,>**” while also increasing
the frequency to stimulate a more disturbed flow compared with
previous models (as described above). Though many 2D in vitro
models cannot precisely demonstrate in vivo flow patterns, we
provide an insight into the methods to enhance LEC responses
to those found in vivo. Furthermore, dermal LECs were utilized
under flow, rather than using organ-specific LECs (i.e., intestinal
LEGCs, etc.), which might have altered the previously established
LEC/OSS behavior®*->3"+45 due to potentially substantial differing
roles of LECs in different organs.57 However, dermal LECs have a
highly similar marker expression profile and demonstrate similar
lymphangiogenesis behavior to the intestinal LECs.°”**°" Dermal
lymphatics are also commonly used in modeling lymphedema
in vitro and in vivo.*%2~%*
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Figure 7. HA can enhance OSS mechanotransduction responses in LECs that are crucial to achieve a lymphatic collecting vessel phenotype
Compared with FN, the combination of the ECM protein, HA, and physiological flow can induce unique responses in essential mechanosignaling pathways
including PROX1 and FOXC2 nuclear localization, nuclear F-actin activation, mTORC1 dependency, increased junctional activity, and PDPN and LYVE-1
reduction. HA-DP can be utilized to investigate the development of a 3D lymphatic collecting vessel and provide avenues for biomechanical exploration (i.e.,

LYVE-1 and PROX1). Schematic was created using BioRender.com.
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KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Goat anti-human PROX1

Rabbit anti-human VE-Cadherin
Mouse anti-human FOXC2
Rabbit anti-human LYVE-1
Mouse anti-human PDPN
Phalloidin-iFluor 488 Reagent
Rabbit anti-human Ki67

Rabbit anti-human Phospho-S6 Ribosomal
Protein (Ser240/244)

Mouse anti-human Ki67

R&D Systems
Abcam
R&D Systems
Abcam
Abcam
Abcam
Abcam
Cell Signaling

Cell Signaling

AF2727; RRID: AB_2170716
ab232880

MAB5044; RRID: AB_10888663
ab219556; RRID: AB_2884014
ab10288; RRID: AB_297027
ab176753

ab15580; RRID: AB_443209
5364; RRID: AB_10694233

9449; RRID: AB_2797703

Chemicals, peptides, and recombinant proteins

Dopamine-modified hyaluronic acid Saha et al.**/Hanjaya-Putra Lab N/A
Fibronectin, Human Corning 356008
Rapamycin, 98+ % Thermo Scientific Chemicals J62473.MF
Critical commercial assays

TagMan™ Array Human Angiogenesis Applied Biosystems™ 4378710
Panel

Experimental models: Cell lines

Human Dermal Lymphatic Endothelial Cells PromoCell C-12216

(HDLEC)

Oligonucleotides

GAPDH
HPRT1
GUSB
FGA

PLG
SERPINC1
PRL
MMP2
ANG
ANGPT1

Additional primers within TagMan™ Array
Human Angiogenesis Panel

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Hs99999905_m1
Hs99999909_m1
Hs99999908_m1
Hs00241027_m1
Hs00264877_m1
Hs00166654_m1
Hs00168730_m1
Hs00234422_m1
Hs02379000_s1
Hs00181613_m1
see Table S1

Software and algorithms

ImagedJ
MATLAB R2023

Local Thickness Imaged plugin
Analyze Skeleton Imaged plugin
OrientationJ

GraphPad Prism Version 11
Thermo Fisher Connect Platform

Schindelin et al.”®
MathWorks

Dougherty and Kunzelmann®®

Arganda-Carreras et al.”®
Rezakhaniha et al.””
GraphPad by Dotmatics
Thermo Fisher Scientific

https://imagej.net/downloads

https://www.mathworks.com/products/
matlab.html

https://imagej.net/downloads
https://imagej.net/downloads
https://bigwww.epfl.ch/demo/orientation/
https://www.graphpad.com/

https://www.thermofisher.com/us/en/
home/digital-science/thermo-fisher-
connect.html
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REAGENT or RESOURCE SOURCE IDENTIFIER
Other

ibidi Pump System ibidi 10902
u-Slide | Luer 0.6 ibidi 80186

Red Perfusion Set ibidi 10962

Gray Perfusion Set ibidi 10968

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell source and culture
Human male donor dermal LECs from juvenile foreskin (PromoCell, Heidelberg, Germany) were expanded and used for experiments
between passages 6 and 9. Primary cells were authenticated by PromoCell. Male-specific donor cells are primarily used due to
the limited sources of juvenile dermal LECs from female patients. Juvenile dermal LECs were used for optimal in vitro culturing.
Sex-neutral sources of juvenile cells are not readily available, but we infer there would be limited changes in results regardless of
the source.

Human LECs were grown in endothelial cell growth medium MV2 (C-22022, EGM MV2; PromoCell) containing MycoZap Plus-CL
(VZA-2011; Lonza, Cologne Germany) and incubated at 37°C with 5% CO2. Cell line was routinely tested for mycoplasma contam-
ination and were negative throughout this study.

Cell culture under flow set up

Human LECs were seeded on fibronectin-coated (40 pg/mL) or HA-DP coated (5 mg/mL) microfluidic channels (ibidi p-Slide | 0.6
Luer) at 500K-800K/mL before onset of experiment to reach confluency. Three slides per condition were subjected to oscillatory
flow either at 0.5 dyn/cm? (gray perfusion set, ibidi) or 10 dyn/cm? (red perfusion set, ibidi) at 2 Hz with EGM MV2 media in a parallel
plate flow-chamber system (ibidi Pump System) or maintained at static conditions for 48 h in an incubator at 37°C with 5% CO2. After
48 h, slides were collected for various analyses. For the treatment of rapamycin, EGM MV2 media had a final concentration of 10 nM
rapamycin and was given to cells on the onset of experiment then treated for 48 h at the previously described conditions.

METHOD DETAILS

Dopamine-modified hyaluronic acid synthesis

Conjugation of dopamine was completed as precisely described in Saha et al.>* Briefly, HA was dissolved in MES buffer and ethanol
was added then brought at equilibrium in room temperature. DMTMM was added to activate HA then dopamine was added after an
incubation of 30 min then mixture was stirred at room temperature overnight. HA-DP was purified by dialysis, lyophilized, and stored
in —20°C. H-NMR analysis confirmed its degree of substitution and presence of dopamine (Figure S1).

Extracellular matrix coating

Fibronectin was dissolved in PBS at 40 pg/mL (80 pg/mL for supplemental information) and polymerized via room temperature
incubation for 30+ minutes. HA-DP was dissolved in H20 (5 mg/mL) and polymerized via the addition of 7M NaOH (1.2 uL per slide)
followed by an overnight incubation at 37°C. Slides were rinsed with their respective solvents 3-5 times.

Immunofluorescent imaging

To analyze LEC phenotype, slides from the previously mentioned flow experiments were fixed with 3.7% formaldehyde, blocked
with 1% BSA, permeabilized with 0.1% Triton X-, and stained for PROX1 (1:200), FOXC2 (1:100), VE-CAD (1:100), PDPN (1:500),
and LYVE-1 (1:1000). To analyze F-actin directionality and intensity, phalloidin (1:1000) was used. To analyze Ki67 activity, anti-
Ki67 antibodies were used (mouse antibody diluted at 1:1600 and rabbit antibody diluted at 1:200). To analyze mTORC1 activity,
Phospho-S6 Ribosomal Protein (pS6) antibody (1:800) was used. Antibody details in key resources table. Slides were rinsed in
1x PBS and counterstained with DAPI (Thermo Fisher, 300 nM). Slides were imaged at 10x and 20x magnification with the
ECHO Revolve microscope and at 10x magnification with the Nikon AX-R Confocal microscope.

Gene expression

Slides from the previously mentioned flow experiments were lysed and each experimental condition, containing 3 slides each, were
pooled together for RNA isolation. Samples were analyzed with real-time gRT-PCR with replicate readings as previously described.?*
The TagMan Array Human Angiogenesis Panel (Thermo Fisher) along with the TagMan Universal PCR Master Mix (Thermo Fisher)
was utilized to run 94 gene expression assays (assay and individual genes in Table S1 and key resources table) for genes associated
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with angiogenesis and lymphangiogenesis. The relative expression was globally normalized within the array panel due to the large
number of genes being profiled and analyzed using the AACt method in ThermoFisher Connect software. The control was set to
the static FN-LEC group.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image analysis

All image analyses were conducted on Fiji ImageJ2. Images were thresholded depending on analysis and background was sub-
tracted for all images. Morphological assessments were conducted with the particle analysis tool, which included circularity and
roundness values, on thresholded VE-CAD images. Cellular membrane thickness was assessed on thresholded VE-CAD images
with Local Thickness ImageJ plugin.®® Skeletonized structures of thresholded VE-CAD images was assessed with the Analyze Skel-
eton ImageJ plugin.°® F-actin distribution was determined with the OrientationJ plugin®” (Biomedical Image Group, EPFL,
Switzerland). Integrated density values of fluorescence were calculated with the measurement tool and nuclear region of interests
were found with the use of DAPI channel images. For perinuclear locations, a 1.5x scaling of nuclear region of interests were
made and nuclear intensities were subtracted. For cytoplasmic locations, whole image areas were measured then subtracted by
both nuclear and perinuclear intensities. For total intensity images, whole image areas were measured. Normalization of values
were done with respect to the number of cells present in image for integrated density per cell determination and all images
for each analysis had same total area sizes. To determine number of positive Ki67 cells, integrated density at the nuclear region
of interests were filtered and counted. To determine nuclear/cytoplasm, perinuclear/cytoplasm, and nuclear/perinuclear ratios,
normalized intensity values of nucleus or perinucleus was divided by normalized cytoplasm or perinuclear values per image.

Statistical analysis
Statistical analysis was performed with GraphPad Prism. For each coating and shear stress condition, three independent slides
(n = 3) were used with 3-4 technical replicates per slide. Detailed statistical details and replicate definitions can be found in figure
legends. Statistical comparisons were made using two-way analysis of variance (ANOVA) and followed with Tukey’s multiple com-
parison test. Significance levels were set at the following: *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

Statistical analysis for the volcano plot in Figure 5 was conducted on Thermo Fisher Connect software using a Student’s t test be-
tween group of interest and static FN-LEC group. Significance levels were set at the following: *p < 0.05.

ADDITIONAL RESOURCES
Figure Assembly BioRender was used to assemble all figures while any diagrams/depictions were made from BioRender and iden-

tified in the figure legend. All microscopic images were only assessed and prepared for print in Imaged. All graphs were made in
GraphPad or MATLAB.
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