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Abstract

Objective: Lymphatic vessels (LVs) maintain fluid homeostasis by draining interstitial
fluid. A failure in lymphatic drainage triggers lymphatic diseases such as lymphedema.
Since lymphatic drainage is regulated by lymphatic barrier function, developing ex-
perimental models that assess lymphatic barrier function is critical for better under-
standing of lymphatic physiology and disease.

Methods: We built a lymphatic vessel-on-chip (LV-on-chip) by fabricating a microflu-
idic device that includes a hollow microchannel embedded in three-dimensional (3D)
hydrogel. Employing luminal flow in the microchannel, human lymphatic endothelial
cells (LECs) seeded in the microchannel formed an engineered LV exhibiting 3D con-
duit structure.

Results: Lymphatic endothelial cells formed relatively permeable junctions in 3D
collagen 1. However, adding fibronectin to the collagen 1 apparently tightened LEC
junctions. We tested lymphatic barrier function by introducing dextran into LV lu-
mens. While LECs in collagen 1 showed permeable barriers, LECs in fibronectin/col-
lagen 1 showed reduced permeability, which was reversed by integrin o5 inhibition.
Mechanistically, LECs expressed inactivated integrin o5 in collagen 1. However, integ-
rin o5 is activated in fibronectin and enhances barrier function. Integrin a5 activation
itself also tightened LEC junctions in the absence of fibronectin.

Conclusions: Lymphatic vessel-on-chip reveals integrin o5 as a regulator of lymphatic
barrier function and provides a platform for studying lymphatic barrier function in

various conditions.

KEYWORDS
3D bioengineered models, integrin a5, junctions, LV-on-chip, lymphatic barrier function,
lymphatic endothelial cells

1 | INTRODUCTION fluid homeostasis in tissues by draining excess interstitial fluid
leaked from blood vessels (BVs) and returning the fluid back to the
The lymphatic vascular system, a network of lymphatic vessels (LVs), blood circulation.>” LVs also modulate human adaptive immunity

plays a critical role in human health and disease.™* LVs maintain by draining antigen presenting cells and transporting them to lymph

Abbreviations: 2D, two-dimensional; 3D, three-dimensional; BECs, blood endothelial cells; BSA, bovine serum albumin; BVs, blood vessels; Collagen 1, type 1 collagen; EBM-2,
endothelial basal media 2; ECM, extracellular matrix; EGM-2MV, endothelial growth media 2 microvascular; HAPLN1, hyaluronan and proteoglycan link protein 1; Integrin a5, integrin
alpha 5; JAM-A, junctional adhesion molecule A; LECs, lymphatic endothelial cells; LVs, lymphatic vessels; PDMS, polydimethylsiloxane; Prox-1, prospero homeobox 1; VE-cad, vascular
endothelial cadherin.
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nodes to activate lymphocytes residing in the lymph nodes.
11-13

8-10 In

addition, LVs absorb dietary fat in the intestines and remove
metabolic wastes in the brain.!4"1¢ Impaired lymphatic function
thus contributes to diverse human diseases, such as lymphedema,
immune dysfunction, metabolic diseases, obesity, and neurodegen-
erative diseases.’®?! Furthermore, in cancer, LVs transport tumor
cells to the lymph nodes, triggering metastasis.?>2 It is also known
that tumor LVs induce tumor immune escape and evasion.?*2° All of
these examples show how the lymphatic vascular system is largely
involved and implicated in major human diseases.

Importantly, all of these diseases are linked to lymphatic drain-
age, a function unique to LVs involving the transport of interstitial
fluid, masses like waste solutes, and cells into lymphatic vessels, and
distributing them to other parts of a body.'>?°?? However, the reg-
ulation of lymphatic drainage is incompletely understood. Lymphatic
drainage is a well-organized, stepwise phenomenon, which is accom-
plished by the special anatomy of two distinct LVs with two distinct
roles: initial and collecting LVs.2°"32 The interstitial fluid/masses/
cells must be absorbed first by the initial LVs. Thus, the initial LVs
have specialized endothelial cell-cell junctions that form permeable
cell-cell barriers, so that the initial LVs can easily take up the inter-
stitial fluid/masses/cells.’® Next, the absorbed fluid/masses/cells
(termed “lymph”) must be transported through the lumen via the
collecting LVs to successfully reach the lymph nodes and the subcla-
vian veins to finally enter the blood circulation.®®%* To achieve this,
collecting lymphatics must be less permeable to minimize the loss of
the lymph during the luminal transport.

As mentioned above, lymphatic barrier function or permeability
plays a key role in lymphatic drainage processes. Thus, deciphering
lymphatic barrier function and its regulation is crucial for under-
standing physiological lymphatic functions, such as lipid transport,

metabolism, and immune regulation,ss'39

4,27,31,40,41

and the pathology of lym-
phatic diseases. LV barrier function can be influenced by
numerous factors, including extracellular matrices (ECM),*? endo-
thelial cell-cell junctions,*® endocytosis,** lymph flow,*>*¢ lymphatic

t,28 and interaction with other condi-

smooth muscle cell engagemen
tions, such as inflammation.””"* ECM is one component found to be
particularly important in lymphatic junction morphology. Collecting
lymphatics have a continuous basement membrane consisting of
collagen 1V, fibronectin, and laminins, which may be critical for their
zipper-like junction morphology,so while lymphatic capillaries have a
discontinuous basement membrane containing gaps and consisting
of collagen |V, collagen XVIII, nidogen-1, and laminins, which may be
critical for their button-like junctions. In addition, lymphatic valve
endothelial cells, found in the luminal valves in collecting lymphatics,
express high levels of integrin a9, a receptor of fibronectin-EIlIA/
EDA spliced isoform.>? ECM components also play a role in lymphatic
pathophysiology such as during cancer metastasis via the lymphatic
system in which LECs in cancer-associated lymph nodes express
the allb integrin subunit, leading to fibrinogen adhesion and sub-
sequent LEC contraction to favor tumor intravasation®® or as seen
in decreased hyaluronan and proteoglycan link protein 1 (HAPLN1)
expression in age-dependent ECM degradation that increases LEC

permeability and impairs both lymph nodes and lymphatic vascula-
ture.>* Therefore, isolating and controlling these factors in experi-
mental settings is important to understanding lymphatic function in
different contexts. Although animal models have had an impact on
discoveries in the field, decoupling the aforementioned elements in
animal models is often challenging. Although two-dimensional (2D)
in vitro models are highly controllable and have provided an in vitro
platform, they may not recapitulate lymphatic junctions under flow
condition in three-dimensional (3D) environments as in in vivo set-
tings.>” For these reasons, there are strong demands for experimen-
tal tools that enable easy control of biological parameters in a more
realistic 3D environment.

In this study, we built upon our technologies to create a 3D
biomimetic “Lymphatic vessel-on-Chip” (LV-on-chip) model system
and use this model to understand lymphatic junctions and barrier
function in 3D rudimentary lymphatic structure. The engineered
LVs exhibit perfusable lumens and distinct barrier functions under
luminal flow and/or different extracellular matrices, which provide
an important platform to investigate the process of interstitial fluid/
mass transport via LVs or blood vessels (BVs). Using the platform, we

reveal integrin a5 as a regulator of lymphatic barrier function.

2 | MATERIALS AND METHODS

2.1 | Cell culture

Primary human dermal microvascular lymphatic endothelial cells
(LECs, neonatal) were purchased from Lonza. The cells were isolated
from foreskin tissues using CD31 and podoplanin markers. Primary
human dermal microvascular blood endothelial cells (BECs, neonatal)
were purchased from Lonza. LECs and BECs were cultured in EGM-
2MV media (Lonza, Switzerland). These endothelial cells were used
in their passages 3-8 and maintained in standard tissue culture incu-
bators at 37°C, 95% humidity, and 5% CO,. Across all passage num-
bers (p3-p8), we compared phenotypes both in the culture flasks and

in our 3D models. In both situations, we had consistent phenotypes.

2.2 | Microfluidics

Microfluidic devices were fabricated using a soft lithography method
as we performed previously.’®>” The LV-on-chip device was com-
posed of a cover glass on the bottom and a polydimethylsiloxane
(PDMS) gasket on top of the cover glass. PDMS (Sylgard 184, Dow-
Corning) was mixed with a curing agent, provided in the Sylgard PDMS
kit, at a 10:1 ratio (base:curing agent) and cured overnight at 60°C
on a silicon master. The PDMS was removed from the silicon master
and surface activated by plasma etching for PDMS bonding to the
cover glass. Bonding of the PDMS to the glass was followed by cur-
ing at 60°C overnight for permanent bonding. The device was plasma
etched for hydrophilic surface modification and treated with 0.01%
poly-L-lysine (Sigma, St. Louis, MO) for 1 h, and 1% glutaraldehyde
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for 30 min, then rinsed with sterile water 3 times, and further rinsed
in sterile water overnight at room temperature. Steel acupuncture
needles with a diameter of 0.25 mm were sterilized with 70% etha-
nol and bovine serum albumin (BSA)-coated, then introduced into
the devices. The needle-inserted devices were air-gun dried and UV
sterilized for 30 min. Collagen 1 as buffered with phosphate buffered
saline (PBS), titrated to a pH of 8.0 with NaOH, giving the final con-
centration of 2.5 mg/mL (with or without 150 pug/mL fibronectin) was
pipetted into the microfluidic devices and polymerized for 50 min at
37°C. Cell growth medium was then added to the devices overnight
and needles were carefully removed to create channels in the colla-
gen 1 gel. After 1 day washing the devices with cell growth medium,
LECs or BECs were introduced. LECs or BECs were resuspended at
2 x 10° cells/mL in LEC media, and 100 pL of cell suspension was
introduced into the channel of the device to allow cells to adhere to
3D collagen 1 for 10 min before washing with growth medium. The
devices were incubated for 3 days on a rocking platform in the tissue
culture incubator, replenishing culture media daily. For determining
the shear stress imparted by a rocker, we assumed that the culture
medium is a Newtonian fluid in which the viscous stresses arising
from its flow, at every point, are linearly correlated to the local strain
rate (the rate of change and of its deformation over time). We also
assumed that the pressure head driving flow through the channel
is gravitational force exerted when the rocker tilts with the angle of
37°. We formulate the following relationship between the angle of

the rocker and the wall shear stress (z)°8:

T=r/2XpXgXsina

where r is the vessel radius, p is the fluid density, g is acceleration due
to gravity, and a is the angle of the rocker. The rocker tilts the chips
from -37° to +37° at a frequency of 2-3 rpm. The diameter of the
acupuncture needles is 0.25 mm (the needles are not hollow), which
determines vessel radius that is also affected by cell seeding density,
collagen swelling, and cell contractility, which creates approximately a
shear stress of 3.5 ~ 4.5 dyne/cm?. This value also falls within the range
of 4-12 dyne/cmz, which was determined as the in vivo value for rat

mesenteric prenodal lymphatics.””

2.3 | Lymphatic permeability

Lymphatic permeability in microfluidic devices was measured as de-
scribed previously.s‘s'sz60 Briefly, fluorescent dextran (70 kDa, FITC,
Life Technologies, Carlsbad, CA) was mixed in the media solution
(dextran concentration in the solution: 25 pg/mL) and 50 pL of the
dextran solution was added to one reservoir that is connected to
the other reservoir through the vascular channel. This initial hydro-
static pressure allows fluid to fill the channel. We imaged the vessel
area (in 10x field) that is sufficiently far from the dextran injection to
minimize data fluctuation due to the initial loading pressure. We im-
aged dextran for 5 min after injection every 5 s with an SP8 confocal
microscope (Leica, Germany), so that we have total 60 consecutive

icrocirculation BYV TS o

images per experiment. Regarding the fluorescence measurements,
we assumed that the fluorescence intensity is proportional to the
number of the molecules in solution and followed that definition to
quantify the permeability coefficient, p, of the vessels,*®! the esti-
mate can be made using the formula:

J= Pd (Cvessel - CECM) )

2r
'0
concentration of the fluorescence (Dextran) in the vessel, c.., is the

where p; = ( ) (:—:) ,J is the mass flux of the solution, c ., is the
concentration of the fluorescence in the perivascular extracellular
matrix (ECM), r is the vessel radius, and I, is the initial intensity of
Dextran. By tracing the intensity change (Z—i) in fluorescence in the
ECM with the time step of the recording, we could determine the
mass flux (the slope of the curve), and calculate the permeability co-
efficient, p,. We adopted the automized MATLAB code developed
by Polacheck and colleagues to quantify permeability from time-

lapse images.>%°7¢0

2.4 | Immunostaining and imaging in microfluidics

For immunofluorescent staining and imaging, LECs or BECs em-
bedded in the 3D collagen 1 bulk of the device were fixed with 4%
paraformaldehyde for 1 h at room temperature. Fixed devices were
permeated with PBST (0.3% Triton-X in PBS) for 45 min at room
temperature, then blocked with 3% BSA in PBS overnight at 4°C.
Primary antibodies detecting VE-cadherin (Santa Cruz, Dallas, TX,
1:100; or Abcam, UK, 1:100), integrin a5 antibody (clone: SNAKA51)
(Sigma, St. Louis, MO, 1:200), JAM-A (Santa Cruz, Dallas, TX, 1:100),
CD31 (DAKO, 1:200), Prox-1 (Abcam, UK, 1:100), and CCL21
(MyBioSource, San Diego, CA, 1:100) were incubated in blocking
buffer overnight at 4°C. Primary antibodies were washed overnight
in PBS at 4°C. Secondary antibodies (all from Invitrogen, Carlsbad,
CA, 1:500), Phalloidin (Life Technologies, Carlsbad, CA, 1:200), and
DAPI (Sigma, 1:500) were subsequently incubated in blocking buffer
overnight at 4°C in dark. The secondary antibodies, phalloidin, and
DAPI were washed overnight in PBS at 4°C in dark to remove fluo-
rescent background before confocal microscopy. Confocal images
were acquired with an SP8 confocal microscope (Leica, Germany)
with a 40x objective. Obtained fluorescent images were z-stacked
and adjusted for brightness and contrast using ImageJ.%%%% To quan-
tify junctional organization, greyscale micrographs of cells immu-
nostained for VE-cadherin were converted to black and white based
on a threshold determined by Otsu's method, and junctional area

was defined as the total number of pixels above the threshold.

2.5 | Statistics

Independent two sample populations were compared using un-
paired, two-sample t-tests with a normal distribution assumption. In
statistical analyses with more than two groups, to prevent potential
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type 1 errors in the t-test, one-way ANOVAs with Tukey's HSD
(Honestly Significant Difference) tests were used for group analyses.
All data points on graphs represent average values, and error bars
depict Standard Error of the Mean (SEM). p < .05 was the threshold
for statistical significance. p-values and sample numbers (n) are de-
scribed in figure legends.

2.6 | Data availability
All relevant data that support the findings and conclusions of this
study are available from the corresponding author upon request.

3 | RESULTS

3.1 | Engineered 3D lymphatic and blood vessels
show distinct vessel structure and barrier function

To examine lymphatic structure and barrier function, we engineered
an organotypic model of lymphatic vessels (‘LV-on-chip’) building
on a previously developed blood vessel-on-chip.’®>” Briefly, our
PDMS (polydimethylsiloxane)-based LV-on-chip is composed of
one hollow cylindrical channel, which is completely embedded into
3D collagen 1 matrix (Figure 1A). In the hollow channel, we seeded
human dermal microvascular lymphatic endothelial cells (LECs) to
form a biomimetic lymphatic vessel (Figure 1A). This biomimetic LV
was positive for CCL21, indicating that the model has character-
istics of lymphatic capillary (Figure S1). The EGM-2MV media was
introduced to circular reservoirs (inlet and outlet) that are directly
connected to the lymphatic endothelial channel. Luminal shear flow
of 3.5-4.5 dyne/cm? was initiated to culture the LECs by rocking
the LV-on-chip device in a tissue culture incubator. After 3 days
of culture, the device was fixed and LECs were stained with anti-
human Prox-1 (green) and anti-human CD31 (red) antibodies to as-
sess lymphatic endothelial identity and cell morphology (Figure 1A).
We next compared human dermal microvascular blood endothelial
cells (BECs) with LECs in the same platform to investigate distinct
vessel structure and function (Figure 1B). After 1 day of cell seed-
ing and culture under luminal flow, we observed that BECs became
more contractile than LECs, forming engineered blood vessels (BVs)
with smaller vessel diameters compared to LECs (Figure 1B). BECs
showed 66.7 ~ 68.2% decreases in lumen size while LECs only
showed 21.3 ~ 23.5% decreases in lumen size. This was consistent
with our observation of BVs and LVs in mouse ears in vivo (Figure 1C)
and therefore supports the validity of the vessel morphology in our
biomimetic model. Next, we fixed the devices and stained the cells
with phalloidin and anti-VE-cad (VE-cadherin) antibody to visual-
ize F-actin and endothelial adherens junctions (Figure 1D). F-actin
was localized in cell peripheries around the junctional areas in engi-
neered BVs (BEC), whereas in the cytoplasmic areas in engineered
LVs (LEC). VE-cad was mostly found in the junctional areas in engi-
neered BVs, forming tighter adherens junctions, whereas diffused,

cytoplasmic distribution of VE-cad in LVs formed the weaker or
loosened adherens junctions (Figure 1D).

To assess lymphatic and blood vessel barrier function, we cul-
tured BV/LV-on-chip for 3 days on the rocking platform, providing
same degree of shear stress, and introduced 70 kDa dextran into the
vessel lumens and observed dextran diffusion in real time under mi-
croscopy (Figure 1E). Engineered BVs kept dextran from leaking out
of the vessels; however, engineered LVs were more permeable than
BVs, which was enough for dextran to quickly escape the vessels
and diffuse to the interstitium (Figure 1E). Furthermore, our quanti-
tative analysis of dextran leakage indicated that engineered LVs are
3.44 times more permeable than BVs with a p-value of .0016 (n = 5)
(Figure 1F). This suggests that LECs and BECs form very different
cell-cell junctions under luminal flow, exhibiting significantly differ-
ent permeability or barrier function in our biomimetic vessel-on-
chip model. Taken together, the engineered 3D lymphatic and blood
vessels showed distinct vessel junction morphologies and levels of
barrier function.

3.2 | Fibronectin appears to tighten
lymphatic junctions

We next focused on engineered LVs and studied how lymphatic
cell-cell junctions are regulated by the extracellular matrix (ECM)
(Figure 2). To quickly screen ECM effects, we cast different types
of ECM hydrogels into well plates in 2D. We used 2.5 mg/mL colla-
gen 1, which is the same condition we had in the LV-on-chip experi-
ments in Figure 1. We also used mixture of 2.5 mg/mL collagen 1 and
150 ug/mL fibronectin from stock solutions of a defined concentra-
tion. As controls, we also tested plastic dishes without ECM hydro-
gel (Figure 2A). After 1 day of culture, we fixed the cells and stained
them with phalloidin and anti-VE-cad antibodies. On the plastic dish,
in relatively stiffer condition with a Young's modulus of 2.28-3.28
GPa®* compared to the Young's modulus of collagen 1 at only 0.5-
12 kPa,® LECs appeared to have very tightened junctions. F-actin
and VE-cad were strongly localized in the junctional area (Figure 2A,
top). On the 2D collagen 1 hydrogel, LECs showed apparently much
more diffuse junctions, which was consistent with the phenotype
that we observed in our LV-on-chip. F-actin was in cytoplasm and
junctional localization of the VE-cad was weaker than LECs on plas-
tic dish. We also found gaps between cells (Figure 2A, middle). On
the 2D collagen 1 + fibronectin hydrogel, LECs showed more tight-
ened junctions than LECs in collagen 1 (Figure 2A, bottom). F-actin
and VE-cad were localized in the junctional area, compared to those
in LECs in collagen 1, which was more similar to the phenotype of
engineered BVs on-chip in Figure 1. We also saw differences in LEC
morphology between groups with the LECs cultured on stiff plas-
tic appearing more elliptical and having a defined axis of alignment
while the LECs grown on collagen 1 + fibronectin had a rounder,
more cobblestone appearance. One-way ANOVA with Tukey's HSD
test-based quantification of the relative junction area illustrated a
decrease in junction area between the cells grown on plastic and
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FIGURE 1 Engineered 3D lymphatic and blood vessels show distinct vessel structure and barrier function. (A) A schematic of an
organotypic 3D lymphatic vessel model (LV-on-chip). Prox-1 (green) and CD31 (red) expression confirms lymphatic endothelial identity

and cell morphology in the channel. (B) Morphologic changes in human dermal microvascular blood endothelial cells (BECs) with lymphatic
endothelial cells (LECs) after 1 day of cell seeding. BECs become more contractile than LECs, forming a smaller vessel diameter compared
to LECs. (C) BVs and LVs observed in mouse ear tissues. mLYVE-1, anti-mouse LYVE-1 antibody; mCD31, anti-mouse CD31 antibody. (D)
Phalloidin (red) and anti-VE-cad (VE-cadherin) antibody (green) staining to visualize F-actin and adherens junctions. (E) Lymphatic and
blood vessel barrier function. 70 kDa dextran was introduced into the vessel lumens and dextran diffusion was observed in real time under
microscopy. Superimposed red dashed lines represent the edges of the vessel lumens. (F) Quantification of the permeability of BEC-
generated engineered BVs and LEC-generated LVs. **p = .0016, two-tailed unpaired Student t-test, n = 5 per group. Data are expressed as

mean +S.E.M

the cells grown on collagen 1 gel (**p = .0017, n = 6); no significant
difference between the cells cultured on collagen 1 + fibronectin
compared to the cells grown on plastic (p =.5292, n = 6); an increase
in junction area between the cells grown on collagen 1 and the cells
grown on collagen 1 + fibronectin (*p = .0151, n = 6é). (Figure 2B).
We next sought to understand the dynamics of fibronectin on these
two different culture conditions by sparsely seeding LECs at 10%
confluence on collagen 1 or collagen 1 + fibronectin gel (Figure 2C).
After 1 day of culture, we fixed the cells and stained them with anti-
VE-cad and anti-fibronectin antibodies. On collagen 1 gel, we saw
LEC islands with VE-cad expression but a lack of fibronectin expres-
sion (Figure 2C, top). On collagen 1+ fibronectin, we saw LEC is-
lands with VE-cad and fibronectin. Interestingly, we often observed
fibronectin connecting separate LEC islands like cloth patches
stitched with sewing thread (Figure 2C, middle and bottom). We
next cultured these cells for a longer period of time, and at day 4,
traced fibronectin and adherens junctions. LECs showed apparently
tightened junctions as we expected in collagen 1 + fibronectin con-
dition (Figure 2D). Interestingly, fibronectin was also localized in the
junctional area (Figure 2D). Taken together, fibronectin appeared to

connect LEC islands, like stitches, and is localized in the junctional
area of the tightened LEC monolayer on the collagen 1 + fibronectin
gel.

3.3 | Fibronectin-Integrin o5 axis regulates
lymphatic junctions and barrier function

Based on the 2D gel-based experiments described in Figure 2,
we moved onto our 3D LV-on-chip system to assess the role of
fibronectin in 3D culture and to determine fibronectin effects on
lymphatic junctions and barrier function (Figure 3). We prepared
LV-on-chip composed of one hollow channel, which is embedded
into 3D collagen 1 or collagen 1 + fibronectin matrix (Figure 3A).
In the hollow channel, we seeded LECs and the cells were cultured
in the devices on a rocking platform for 3 days. We then fixed the
devices and stained the cells with anti-VE-cad (VE-cadherin) and
anti-JAM-A (junctional adhesion molecule A) antibody to visualize
endothelial adherens junctions and tight junctions (Figure 3A). VE-
cad staining showed modest changes in adherens junctions from
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FIGURE 2 Fibronectin tightens lymphatic junctions. (A) Lymphatic endothelial cells (LECs) in different ECM hydrogels (2D): 2.5 mg/mL
collagen 1, 2.5 mg/mL collagen 1 and 150 pg/mL Fibronectin, and no gel (plastic). F-actin and VE-cad were visualized to assess cytoskeletal
arrangement and adherens junction formation in each condition. (B) Quantification of the relative junction area was performed, illustrating
a significantly lower junction area in cells grown on the 2.5 mg/mL collagen 1 compared to the cells grown directly on plastic. **p =.0017
(Collagen 1 vs. plastic); higher junction area in cells grown on the 2.5 mg/mL collagen 1 + fibronectin compared to the cells grown on
collagen 1. *p = .0151 (Collagen 1 + fibronectin vs. Collagen 1); not-significant (ns) p = .5292 (Collagen 1 + fibronectin vs. plastic). One-way
ANOVA with Tukey's HSD tests, n = 6 per group. Data are expressed as mean +S.E.M. (C) Dynamics of fibronectin on LECs in collagen 1 or
collagen 1 + fibronectin gel. On collagen 1 gel, LEC islands with VE-cad expression lacks fibronectin expression. On collagen 1 + fibronectin,
fibronectin connects separate LEC islands. (D) At day 4 on Collagen 1 + fibronectin, LECs showed tightened junctions and fibronectin was

localized in the junctional area

the jagged, weaker adherens junctions in collagen 1 to apparently
more tightened junctions in collagen 1+fibronectin (Figure 3A,
top). Staining with antibodies for a tight junction marker JAM-A
showed more dramatic changes (Figure 3A, bottom). In the colla-
gen 1 condition, JAM-A was so diffusive in LEC cytoplasm that it
was difficult to tell where cell-cell junctions existed under micros-
copy (Figure 3A, bottom left). Strikingly, adding fibronectin in the
collagen 1 gel strongly tightened tight junctions in LECs (Figure 3A,
bottom right). We also saw an apparent change in cell morphology
with the cells in the combination collagen 1 + fibronectin matrix
exhibiting less alignment and more of a cobblestone shape than
either the plastic control condition or the pure collage 1 condition,
similar to the changes seen in the 2D experiment above. We next
performed a loss of function experiment by using anti-integrin
o5 neutralizing antibodies, since fibronectin signaling is primar-
ily mediated via integrin «5.%¢7 In the collagen 1 + fibronectin
condition, we compared anti-integrin a5 antibodies and the vehicle
conditions by treating 50 ug/mL of antibodies or vehicles at day 2
and performed our staining at day 3. The integrin a5 blockade ap-
peared to reverse tightened junctions in the collagen 1 + fibronec-
tin condition (Figure 3B). One-way ANOVA with Tukey's HSD

test-based quantification of the junction area showed a higher
junction area in the collagen +fibronectin condition compared to
either the collagen 1 condition (**p =.0041, n = 6) or the collagen 1
+ fibronectin +integrin a5 antibodies condition (**p =.0010, n = 6)
(Figure 3C).

To assess lymphatic vessel barrier function in each condition,
we cultured LV-on-chip for 3 days either in collagen 1 or collagen 1
+ fibronectin, on the rocking platform, providing the same degree
of shear stress. Then, we treated 50 pg/mL of anti-integrin o5 anti-
bodies or vehicles and cultured them for one additional day on the
rocking platform. On day 3, we introduced 70 kDa of dextran into
the vessel lumens and observed dextran diffusion in real time under
microscopy (Figure 3D). Engineered LVs in collagen 1 showed the
leaky barrier (the more permeable barrier), but LVs in collagen 1 +
fibronectin showed a much-enhanced lymphatic barrier (low perme-
ability), whereas the additional anti-integrin a5 antibody treatment
to the LVs in collagen 1 + fibronectin made the barrier more per-
meable (Figure 3D). Moreover, our quantitative analysis of dextran
leakage showed that fibronectin significantly reduced permeability
in LECs (**p = .0017, n = 5) and anti-integrin a5 antibody treatment
abolished the fibronectin effect (*p = .0114, n = 5), reversing the
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FIGURE 3 Fibronectin-Integrin a5 axis regulates lymphatic junctions and barrier function. (A) VE-cadherin (VE-cad) and junctional
adhesion molecule A (JAM-A) staining to visualize adherens junctions and tight junctions in LV-on-chip embedded in Collagen 1 or Collagen
1 + fibronectin matrix. (B) A loss of function experiment by using anti-integrin a5 neutralizing antibodies. In the Collagen 1 + fibronectin
condition, 50 pg/mL of anti-integrin a5 antibodies or the vehicle were treated, and VE-cad, JAM-A, and F-actin were visualized. (C)
Quantification of the relative junction area was performed, illustrating a significantly higher junction area in cells grown in the Collagen 1 +
fibronectin condition compared to the cells grown in either the Collagen 1 or Collagen 1 + fibronectin +integrin o5 antibodies conditions.
**p =.0041 (Collagen 1 + fibronectin vs. Collagen 1); **p = .0010 (Collagen 1 + fibronectin vs. Collagen 1 + fibronectin +integrin a5
antibodies); one-way ANOVA with Tukey's HSD tests, n = 6 per group. Data are expressed as mean +S.E.M. (D) Lymphatic vessel barrier
function. 70 kDa dextran were perfused into the vessel lumens and dextran diffusion was observed in real time under microscopy.
Superimposed red dashed lines represent the edges of the vessel lumens. (E) Quantification of the permeability of LEC-generated
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fibronectin +integrin o5 antibodies). One-way ANOVA with Tukey's HSD tests, n = 5 per group. Data are expressed as mean +S.E.M

permeability to the level of that in LECs in collagen 1 (ns, not sig-
nificant, p = .4524, n = 5) (Figure 3E). These data demonstrate that
fibronectin-integrin a5 axis regulates lymphatic junctions and lym-
phatic barrier function.

3.4 | Integrin o5 activation tightens
lymphatic junctions

Next, we sought to understand the role of integrin o5 activation in
lymphatic barrier function using the LV-on-chip system (Figure 4)
since we observed apparently tightened LEC junctions culture con-
ditions with fibronectin addition to collagen 1 (Figures 2 and 3). We
hypothesized that fibronectin addition will activate integrin o5 in
LECs. To test this hypothesis, we visualized activated integrin o5
by using anti-integrin o5 antibodies (clone: SNAKAS51) that can only

detect the activated form of the integrin o5 (Figure 4A). Interestingly,
LECs in collagen 1 expressed integrin a5, but this integrin a5 was
maintained as an inactivated form, which was not detected by anti-
integrin a5 antibodies (clone: SNAKA51). As expected, diffused
F-actin with permeable junctions was observed in this condition
(Figure 4A, left). However, integrin a5 is activated in fibronectin.
Lastly, we examined the role of integrin a5 activation in LECs cultured
in collagen 1 without fibronectin. We hypothesized that integrin o5
activation itself can tighten LEC junctions. To test this hypothesis,
we treated LECs in collagen 1 with anti-integrin o5 antibodies (clone:
SNAKAS51), which can activate integrin a5. After overnight treat-
ment, we then fixed the samples and stained with anti-VE-cadherin,
anti-JAM-A, and anti-F-actin antibodies. We showed that integrin
o5 activation in LECs cultured in collagen 1 tightened LEC junctions
without adding fibronectin (Figure 4B). Unpaired, two-sample t-test-
based quantification of the junction area confirmed this apparent
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to activate integrin o5 in LECs. The fixed samples were stained with anti-VE-cadherin antibodies, anti-JAM-A antibodies, and phalloidin to
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3 days on the rocking platform. 70 kDa dextran was introduced to the lymphatic lumens. Dextran diffusion was observed at O and 1 min
under microscopy. Superimposed red dashed lines represent the edges of the vessel lumens. (E) Quantification of the permeability of LEC-
generated engineered LVs in collagen 1 with and without integrin o5 activation. **p = .0021. Two tailed unpaired Student t-test, n = 5 per
group. Data are expressed as mean +S.E.M. (F) This table summarizes our findings regarding LEC permeability and integrin o5 activity. LVs
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and high integrin a5 activity

increase in junction area between control LECs and integrin o5- 4 | DISCUSSION
activated LECs (**p = .0020, n = 6) (Figure 4C). We then once again

performed a fluorescent dextran experiment with real-time imaging In this study, we developed an in vitro 3D engineered lymphatic

to assess the barrier function in LECs in collagen 1 with and without
integrin a5 activation (Figure 4D). These data were quantified and
showed a decrease in permeability and increase in barrier function
following integrin o5 activation (Figure 4E), similar to the changes
seen in LECs cultured in collagen 1 + fibronectin (Figure 3D,E). The
chart in Figure 4F summarizes our permeability results across the
experiments of LVs in collagen 1, LVs in collagen 1 + fibronectin,
and LVs in collagen 1 with the integrin o5 activator. In both the col-
lagen 1 + fibronectin condition and the collagen 1 with integrin o5
activator condition, integrin a5 was activated, permeability was de-
creased, barrier function was increased, and junctions appeared to
be tightened.

vessel (LV)-on-chip platform using soft lithography and studied LV
junction morphogenesis and barrier function under luminal flow
condition (Figure 1). Since lymphatic endothelial cells (LECs) in lym-
phatic capillaries have weaker barrier function, compared to blood
endothelial cells (BECs in blood capillaries), our study more focused
on understanding how originally permeable LEC barriers could be
regulated by different extracellular matrix (ECM) or directly by
adhesion receptor activation. We assessed LV permeability by in-
troducing fluorescently labeled dextran into the vascular lumens
of the 3D engineered LV that is embedded in collagen 1. From this
study, we found that lymphatic barrier function is increased by add-
ing fibronectin to the collagen 1 ECM, which can be subsequently
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reversed by integrin a5 inhibition (Figures 2 and 3). We further dis-
covered that LECs in collagen 1 express inactivated integrin a5 while
LECs in collagen 1 + fibronectin ECM express activated integrin a5
and enhance barrier function (Figure 4), demonstrating that integrin
o5 activity regulates lymphatic junctions and barrier function. Many
chemical stimuli (for example, TNF-a, VEGF-C, and thrombin) have
previously been discovered to affect lymphatic barrier function via
pathways such as ROCK and cAMP.* Our work adds to this collec-
tion by identifying integrin a5 activation as a mediator of lymphatic
permeability. The role of fibronectin in vascular function is still being
elucidated. In neonatal murine blood vessels, fibronectin regulates
angiogenesis in the retina via o5 and av integrins.®® Fibronectin is
also understood to be deposited by pericytes, so it may play a role
in ectopic pericyte coverage mediated lymphedema. Future stud-
ies will focus on determining the role fibronectin plays in lymphatic
dysfunction.

Our study focused on our 3D biomimetic in vitro model with sup-
porting 2D in vitro data rather than in vivo models. In vitro models
are best suited for studying complex microphysiology that might not
be easily studied in traditional in vivo models,’’ our manipulation of
the ECM by adding fibronectin. Our model also enabled us to in-
dependently control luminal flow and monitor vascular permeabil-
ity, which is often more difficult in in vivo models. Furthermore, by
using an in vitro model, we work directly with primary human endo-
thelial cells and ensure that our integrin o5 findings are relevant to
human physiology. Indeed, animal models often do not adequately
predict the clinical efficacy of novel therapeutics or mechanisms in
human trials due to inter-specific genetic variation.”°”72 Since 3D in
vitro models also can recapitulate the structure and morphology of
lymphatic vessels compared to the flat 2D culture on plastic in vitro
models, there has been development of 3D in vitro lymphatic vessel
models that are tailored to specific purposes. While our model fo-
cuses on cell to ECM interactions and barrier functions, other groups
focus on recapitulating other aspects of microphysiology or explor-
ing how certain disease states affect LVs. Some examples include
in vitro models that are used to investigate solute changes in the

44,73

lymphatic system, mechanical loading and remodeling,”* lymph-

amgiogenesis,75'77

and lymphatic interaction with tumor microenvi-
ronments.”® Other models have also been developed for monitoring
lymphatic drainage with collagen 1 scaffolds to investigate drainage
beyond the vessel.””°

Lymphatic barrier function is largely determined by the type
of junction found in the lymphatic vessel. Initial lymphatic ves-
sels have discontinuous button junctions, and these junctions
allow the transport of paracellular fluid into the lymphatic lumen
in vivo.* These lymphatic junctions result from the leaflet shape
of the LECs and accompanying adherens junction protein (such as
VE-cadherin) expression patterns.’® Healthy lymphatic permea-
bility allows the intravasation and subsequent transport of lipids,
immune cells, and solutes in the paracellular fluid while lymphatic
permeability dysfunction can result in chronic diseases such as
lymphedema. In our experiments, we saw BECs' permeability
(3.0~ 4.0 x 107 cm/s), LECs’ permeability (10.0-11.0 x 107 cm/s).

icrocirculation BYV TS o

Previously, solute permeability (P_) in collecting lymphatic vessels
was found to be 2.5 ~ 6 x 107 cm/s by Scallan & colleagues using
their in vivo model.8 A different paper from Scallan & colleagues
found that the P_ for lymphatic capillaries was 14 x 107ecm/s.82 A
study from Price & colleagues, the barrier function of engineered
LEC tubes was determined with the permeability coefficients
to bovine serum albumin and 10 kDa dextran of 1.4 x 107¢ cm/s
and 1.7 x 107 cm/s, respectively.® These illustrate that lymphatic
capillaries have a higher permeability value than collecting lym-
phatics in vivo, and that our and other's engineered lymphatic
vessels were much more permeable than the in vivo lymphatic
vessels. This might be because the in vitro models did not carry
mural cells (smooth muscle cells) or stromal cells (fibroblasts) in
their models and the lumen size is relatively bigger than that in the
native lymphatics. Also, our model had a rocker-based oscillatory
flow condition for BECs and LEC which was not ideal for those
vessels and could be considered a limitation. Better in vitro models
mimicking native vessel structure, size, multicellularity, and flow
remain to be further explored.

In this study, we used a 3D model to demonstrate that lymphatic
barrier function is regulated by the activation of integrin «5. Our
simple model of lymphatic vessels provided sufficient complexity
to reveal the lymphatic junction morphogenesis, yet allowed us to
introduce a specific ECM and direct integrin a5 activation to iso-
late signaling pathways involved in the process. Going forward, in-
clusion of lymphatic mural cells, immune cells, cancer cells, various
ECM components (e.g., lymphatic valve-related, anchoring filament
related proteins) or more flow patterns (e.g., interstitial, luminal, uni-
directional, oscillatory) could be introduced in this engineered 3D
model to more faithfully study the roles of lymphatic barrier func-

tion in fluid homeostasis, host immunity, and cancer.

5 | PERSPECTIVES

1. Activated integrin o5 enhances lymphatic barrier function.
2. LV-on-chip provide a platform to investigate biological factors

that contribute to lymphatic barrier function.
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