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Abstract

Introduction Lymphatic vessels (LVs) maintain fluid homeostasis by draining excess interstitial fluid, which is accomplished
by two distinct LVs: initial LVs and collecting LVs. The interstitial fluid is first drained into the initial LVs through perme-
able “button-like” lymphatic endothelial cell (LEC) junctions. Next, the drained fluid (“lymph”) transports to lymph nodes
through the collecting LVs with less permeable “zipper-like” junctions that minimize loss of lymph. Despite the significance
of LEC junctions in lymphatic drainage and transport, it remains unclear how luminal or interstitial flow affects LEC junc-
tions in vascular endothelial growth factors A and C (VEGF-A and VEGF-C) conditions. Moreover, it remains unclear how
these flow and growth factor conditions impact lymphatic sprouting.

Methods We developed a 3D human lymphatic vessel-on-chip that can generate four different flow conditions (no flow,
luminal flow, interstitial flow, both luminal and interstitial flow) to allow an engineered, rudimentary LV to experience those
flows and respond to them in VEGF-A/C.

Results We examined LEC junction discontinuities, lymphatic sprouting, LEC junction thicknesses, and cell contractility-
dependent vessel diameters in the four different flow conditions in VEGF-A/C. We discovered that interstitial flow in VEGF-C
generates discontinuous LEC junctions that may be similar to the button-like junctions with no lymphatic sprouting. However,
interstitial flow or both luminal and interstitial flow stimulated lymphatic sprouting in VEGF-A, maintaining zipper-like LEC
junctions. LEC junction thickness and cell contractility-dependent vessel diameters were not changed by those conditions.
Conclusions In this study, we provide an engineered lymphatic vessel platform that can generate four different flow regimes
and reveal the roles of interstitial flow and VEGF-A/C for lymphatic sprouting and discontinuous junction formation.
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Introduction

The lymphatic system is a unidirectional conduit network in
vertebrates, comprised of lymphatic vessels and lymphoid
organs such as lymph nodes [1]. The lymphatic vasculature
drains excess interstitial fluid that is leaked from blood capil-
laries and forms “lymph”, then transports the lymph to larger
lymphatic vessels and lymph nodes, and ultimately returns
the lymph to the blood circulation through the subclavian
veins [2]. In addition to maintaining fluid homeostasis, the
lymphatic system is necessary for transporting antigen-pre-
senting cells and lymphocytes to lymph nodes to regulate
antigen-specific adaptive immune responses [3]. Moreover,
the lymphatic system plays a role in the absorption of dietary
lipids in the small intestines and the removal of metabolic
wastes in the brain [4, 5]. The lymphatic vasculature is fur-
ther implicated in a range of diseases [6, 7]. Thus, failures in
lymphatic drainage due to deficient, malformed, or dysfunc-
tional lymphatic vessels are associated with lymphedema,
lipedema, immune disorders, metabolic diseases, cancers,
and neurodegenerative diseases [8—11].

Lymphatic drainage is accomplished by two anatomically
distinct lymphatic vessels (LVs): initial LVs and collecting
LVs. The interstitial fluid is first drained into the initial LV,
and then the drained fluid transports through the collect-
ing LVs. Lymphatic drainage and transport are regulated
by cell-cell junctions between lymphatic endothelial cells
(LECs) in those vessels. In physiological conditions, these
LEC junctions differ throughout the lymphatic vessel net-
work between the initial LVs and the collecting LVs. The
blind-ended initial LVs are a branched set of lymphatic cap-
illaries necessary for the initial drainage of interstitial fluid
[12]. To facilitate the interstitial fluid drainage, initial LVs
lined with LECs that are oak leaf shaped with a discontinu-
ous basal lamina and attached anchoring filaments, respond
to the interstitial fluid flow and form permeable, button-like
LEC junctions [12—15]. In contrast, collecting LVs are nec-
essary for luminal lymph transport to the larger lymphatic
vessels and lymph nodes. The collecting LVs respond to
the luminal flow and form less permeable zipper-like LEC
junctions to minimize the loss of lymph during the luminal
transport. Moreover, collecting LVs are surrounded by lym-
phatic smooth muscle cells (LSMCs) and possess luminal
valves (or secondary lymphatic valves) to allow lymphatic
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contractile motions and prevent lymph backflow [15-17].
Elucidated through in vivo confocal microscopy using
mouse models, discontinuous button-like LEC junctions
that allow for interstitial fluid drainage were identified in
initial LVs, and continuous, zipper-like LEC junctions were
identified in collecting LVs that are less permeable and opti-
mized for luminal fluid transport [12, 13]. However, despite
the presence of specialized button-like and zipper-like LEC
junctions in the initial and collecting LVs, where different
flow patterns (interstitial flow and luminal flow) exist, the
regulation of lymphatic junction morphogenesis under the
interstitial flow and luminal flow is not well understood.

While there remain many components of button or zipper
junction formation that need to be understood, a few factors
have been identified that aid in the button or zipper junction
plasticity in initial LVs [18]. During embryonic develop-
ment, the junctions of the lymph sacs transform from zippers
into buttons at E17.5 providing the mature initial LVs [13,
19]. In adult mice, as conducted with Mycoplasma pulmo-
nis, there exists a transformation of buttons to zippers in the
initial lymphatics in their lungs under infection [12, 18, 19].
Moreover, the transition can be reversed with the administra-
tion of dexamethasone, an anti-inflammatory agent, to return
the initial lymphatics from the zippers to the buttons under
the infectious condition [19]. Other studies have indicated
that junction zippering is induced in lacteals (lymphatics in
the small intestines), through vascular endothelial growth
factor A (VEGF-A) and vascular endothelial growth fac-
tor receptor 2 (VEGFR2) signaling by deletion of neuro-
pilin 1 (NRP1) and FMS-related receptor tyrosine kinase 1
(FLT1) in mice [13, 20], but opposingly, VEGFR2 inhibition
enabled junction buttoning [20]. Another study has demon-
strated that vascular endothelial growth factor C (VEGF-C)
and vascular endothelial growth factor receptor 3 (VEGFR3)
signaling is needed for promoting lymphatic junction button-
ing [21]. Despite these previous findings, the roles of VEGF-
A and VEGF-C in lymphatic junction formation under the
luminal and interstitial flow are enigmatic.

Another essential component of lymphatic function is
the process of lymphangiogenesis [22]. Lymphangiogen-
esis is the process in which new lymphatic vessels are gen-
erated from preexisting lymphatic vessels, which is a core
process for embryonic development, lymphedema, and
cancer metastasis [23]. A host of lymphangiogenic factors
have been identified which can promote lymphatic sprout-
ing, including VEGF-C and VEGF-D [24]. This system of
lymphangiogenesis parallels the angiogenesis process in the
blood vasculature which is driven by VEGF-A [25]. While
these lymphangiogenic agents are known, there remain many
components of the lymphangiogenic process that needs char-
acterization; it remains unclear how varied lymphatic flow
patterns, including both luminal and interstitial flow, influ-
ence lymphangiogenesis in VEGF-A/C conditions.
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We acknowledge that animal models have been widely
used to study LEC junctions and lymphatic sprouting. How-
ever, it is often difficult to isolate the relative contributions
of biological factors such as VEGF-A/C signals as well as
physical factors, such as luminal or interstitial fluid flow
in animal models. By contrast, traditional cell cultures in
two-dimensional (2D) dishes or transwells permit such iden-
tification, as they are highly controllable model systems,
but they have not fully recapitulated the three-dimensional
(3D) in vivo organization of these vasculatures [26-29].
Thus, there is a clear, unmet need for a 3D culture of human
LECs. Based on that, there have been contributions from
other groups and us to 3D in vitro models of lymphatic sys-
tems, which investigated lymphatic vessel (LV) sprouting
[30-34], LV network formation [35-37], LV permeability
[29, 38—40], lymph node formation [41—43], lymph valve
morphogenesis [44—-46], and LV interactions with cancer
cells [47-51], and immune cells [52—-54]. However, these
previous in vitro models have not studied the roles of four
flow patterns such as no flow, luminal flow, interstitial flow,
and both luminal and interstitial flow in LEC junction for-
mation and lymphatic sprouting in the presence of VEGF-A
and VEGF-C.

In this study, we develop a unique 3D human lymphatic
vessel-on-chip that can generate either luminal flow or inter-
stitial flow, or both the luminal and interstitial flow to allow
the engineered, rudimentary LV to experience those flow
conditions and respond to the flows under the VEGF-A or
VEGF-C stimulation. Utilizing the lymphatic vessel-on-chip
system, we discovered that interstitial flow with VEGF-C
cooperatively promotes discontinuous LEC junction forma-
tion that may be similar to the button junction formation,
and interstitial flow with VEGF-A cooperatively promotes
lymphatic sprouting, maintaining zipper-like and continuous
LEC junctions.

Materials and Methods
Cell Culture

Primary human lymphatic endothelial cells (LECs), isolated
from dermal tissues (foreskin) of newborn donors (male),
were kindly gifted from Dr. Young Kwon Hong (University
of Southern California). These LECs were previously char-
acterized and validated by Dr. Hong’s laboratory [34]. LECs
were cultured in EGM-2MV media (Lonza, Switzerland) and
maintained in standard tissue culture incubators at 37 °C,
95% humidity, and 5% CO,. After LECs were introduced
in the microfluidic devices, LEC media (EGM-2MV) was
replaced with specialized VEGF-A media, VEGF-C media,
or no VEGF media. For details, see section ‘“Microfluidics”.

Microfluidics

The microfluidic device was created as we performed pre-
viously [40, 55-58]. Briefly, a silicon master was prepared
to have two needle guides and a central oval-shaped extra-
cellular matrix (ECM) space by utilizing a soft lithography
method. The lymphatic vessel-on-chip was comprised of a
polydimethylsiloxane (PDMS) gasket on top of the cover
glass. In a 10:1 ratio, PDMS (Sylgard 184, Dow Chemical
Company, Freeland, MI) was mixed with a curing agent, pro-
vided in the Sylgard PDMS kit. The mixture of PDMS and
the curing agent were incubated overnight at 80 °C on the
silicon master. After curing, the PDMS was removed from
the silicon master and bonded to the cover glass through
surface activation by plasma etching using PE-25 Plasma
Cleaner (Plasma Etch Inc., Carson City, NV) with oxygen.
For permanent bonding, the device was cured at 80 °C over-
night finally providing the lymphatic vessel-on-chip devices
(Fig. 1a, left). To allow hydrophilic surface modification, the
device was plasma etched using PE-25 Plasma Cleaner with
oxygen (Plasma Etch Inc., Carson City, NV). The device was
treated with 0.01% poly-L-lysine (Sigma, St. Louis, MO)
for 1 h, and rinsed with sterile water three times. Next, the
device was treated with 1% glutaraldehyde (Electron Micros-
copy Sciences, Hartfield, PA) for 30 min, then rinsed with
sterile water three times, and further rinsed in sterile water
overnight at room temperature. Steel acupuncture needles
with a diameter of 0.25 mm (Hawato, China) were sterilized
with 70% ethanol and coated with bovine serum albumin
(BSA, Sigma, St. Louis, MO). Two needles were inserted
per device to make two hollow cylindrical channels (Fig. 1a,
right). The device was dried using an air gun and sterilized
with UV for 30 min. A collagen 1 gel (Corning, #356236,
Corning, NY) was created with a final concentration of
2.5 mg/mL through buffering with phosphate-buffered saline
(PBS) and titration with sodium hydroxide (NaOH, Sigma,
St. Louis, MO) to a pH of 8.0. The collagen 1 was pipetted
into the lymphatic vessel-on-chip devices and polymerized
for 50 min at 37 °C. EGM-2MV media (Lonza, Switzerland)
was added to the devices overnight. To create the channels in
collagen 1, the two needles were removed from the devices.
EGM-2MV media was added to the devices through the
reservoirs and incubated overnight. The next day, primary
human lymphatic endothelial cells (LECs) were resuspended
at one million cells/mL in EGM-2MYV media, and 100 pL
of cell solution was added into one of the device channels
through the connected reservoirs (Fig. la, right). For the
first day after seeding, all of the devices received the same
LEC media which was the EGM-2MV cell growth media.
After the first day and for the remainder of the experiment,
dependent on the group, the LEC media was the EGM-2MV
cell growth medium modified by removing its growth fac-
tors and adding human recombinant VEGF-A (0.002 pg/mL,
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Fig. 1 An engineered 3D lymphatic vessel-on-chip model to investi-
gate luminal and interstitial flow effects with VEGF-A or VEGF-C. a
A schematic of an organotypic 3D lymphatic vessel model (lymphatic
vessel-on-chip) with the human lymphatic endothelial cell (LEC)
channel and the acellular channel within a 3D collagen matrix. Media
with VEGF-A or VEGF-C was added into the four media reservoirs.
b Methods to introduce luminal and interstitial flow. Left: a schematic
of luminal flow, which involves leaving the device on a rocking plat-
form with the same volume of media in all four reservoirs. Right: a
schematic of interstitial flow, which requires a differential addition
of media to the cellular and acellular channels, but no rocking. Black

PeproTech, Cranbury, NJ) or human recombinant VEGF-
C (0.002 pg/mL, PeproTech, Cranbury, NJ). An additional
third group was assessed that did not have any VEGF-A or
VEGF-C. The devices were incubated for 2 days on a rock-
ing platform in the tissue incubator to make sure the LECs
were well adhered to the collagen channel, creating an engi-
neered LV. Media was changed daily. After the second day
of incubating on the rocking platform, specific flow patterns
were instituted: (i) no flow, (ii) luminal flow, (iii) interstitial
flow, and (iv) both luminal and interstitial flow as described
below (Fig. 1b).

Induction of Differential Fluid Flows

We inducted four different flow patterns: no flow, lumi-
nal flow, interstitial flow, and both luminal and interstitial
flow in our devices (Fig. 1b). The no flow group was cre-
ated by filling all four reservoirs with the same amount of
growth medium (200 pL in every reservoir) and putting
the device on a flat and static surface in a regular tissue
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dots represent the direction of interstitial flow (upper) or no intersti-
tial flow (lower). ¢ A schematic of four flow patterns: no flow, lumi-
nal flow, interstitial flow, and both flow. No flow does not involve
rocking or differential media inputs, luminal flow requires rocking
and no differential media inputs, interstitial flow requires no rocking
but includes differential media inputs, and both flow requires rocking
and differential media inputs. d A representative image of engineered
lymphatic vessels with VE-cadherin staining (VE-cad: an adherens
junction marker). e Prox1 staining of the engineered lymphatic ves-
sels to show LEC identity (Prox1: a lymphatic endothelial marker)

culture incubator. The luminal flow group was created by
filling all four reservoirs with the same amount of growth
medium (200 pL in every reservoir) and leaving the device
on a rocking platform, with the device channels parallel to
the lateral edges of the platform in a regular tissue culture
incubator. This allowed fluid to continuously flow through
the lumen of the LEC channel. The rocker tilts the chips
from —37° to+37° at a frequency of 2-3 rpm. The diameter
of the microchannel is 0.25 mm. These conditions create
approximately a shear stress of 3.5-4.5 dyne/cm? (Fig. 1b,
left) [40]. This value is within the range of 4-12 dyne/cmz,
which was determined as the in vivo value for rat mesenteric
lymphatics [59]. In addition, according to the Hagen—Poi-
seuille equation, the velocity of luminal flow, is approxi-
mately 5.7-5.8 mm/s in our devices. This is physiologically
relevant given that in rat mesenteric lymphatics, contraction
propagates flow along the wall at a rate of 4-8 mm/s in vivo
[60]. More detailed processes for obtaining these values for
luminal flow are described in the Supplementary Informa-
tion (Supplementary Materials and Methods).
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The interstitial flow group was created by adding a dif-
ferential amount of fluid to either side of the media reservoir
(20 pL in each media reservoir of the LEC channel, and 200
uL in each media reservoir of the acellular channel), then the
interstitial flow chips were maintained in the incubator on a
flat/static surface. Differential amounts of fluid generate dif-
ferent heights of the fluid in the reservoirs, which results in
differential hydrostatic fluid pressure between the two chan-
nels. As a result of the hydrostatic fluid pressure difference,
created by the differential height of fluid in the reservoirs,
the fluid seeks to equilibrate hydrostatic pressure by convect-
ing across the 3D collagen from the acellular channel to the
LEC channel. This convection induces interstitial fluid flow
toward the LEC channel with a maximum flow rate of 1 um/s
based on the distance between the two channels (7 mm) and
the height difference of the fluid column between the two
media reservoirs (7 mm). This flow rate is physiologically
relevant, given the physiological range of interstitial flow
rate in healthy tissues (0.0-1.0 um/s) [61, 62]. To maintain
a certain level of interstitial fluid pressure, a differential vol-
ume of media was added twice daily (Fig. 1b, right).

The both flow (luminal and interstitial flow) group was
provided by combining our luminal and interstitial flow con-
ditions. Briefly, both the luminal and interstitial flow group
was maintained on the rocker, as per the luminal group’s
procedure, and a differential volume of media was added
twice daily, as per the interstitial group’s procedure. Each
device was nourished with its specific media type (VEGF-
A, VEGF-C, and no VEGF media) and maintained at its
specific flow pattern for 4 days. The flow settings are sum-
marized in Fig. lc.

Immunostaining and Imaging in Microfluidics

The lymphatic vessel-on-chip devices were fixed with 4%
paraformaldehyde (Electron Microscopy Sciences, Hartfield,
PA) for 1 h at room temperature. The chips were treated
with PBST (0.3% Triton-X, Sigma, St. Louis, MO in PBS)
for 45 min at room temperature to permeate the cells in
the device. The fixed and permeated devices were blocked
with 3% BSA in PBS overnight at 4 °C. Primary antibod-
ies detecting VE-cadherin (Abcam, UK, ab33168, 1:100),
JAM-A (Santa Cruz Biotechnology, Dallas, TX, sc-53624,
1:100), and Prox1 (Abcam, UK, ab101851, 1:100) were
incubated in a 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), Phal-
loidin (Life Technologies, Carlsbad, CA, 1:200), and DAPI
(Sigma, St. Louis, MO, 1:500) were subsequently incubated
in a blocking buffer overnight at 4 °C in dark. The secondary
antibodies, phalloidin, and DAPI were washed overnight in
PBS at 4 °C in dark. Images were acquired through confocal
microscopy, utilizing the SP8 confocal microscope (Leica,

Germany) with a 10x and 40X objective. The images were
z-stacked and adjusted for brightness and contrast using
ImagelJ [63]. To quantify junction discontinuities, two indi-
viduals, blinded, counted the number of discontinuities in
the cell border of 15-30 randomly selected cells per vessel.
The average values of one individual’s quantifications were
normalized to the average of the other individual’s values to
ensure that the range of discontinuities found was similar.
Lymphatic sprouting was assessed by the quantification of
the number of individual cells forming sprouts (based on
DAPI and VE-cadherin expression) found beyond the lym-
phatic vessel wall in the collagen matrix. The thickness of
the junctions was assessed with ImageJ] by measuring the
thickness of the cell borders at 4 spaced-out points per cell
to create an average thickness measurement per cell [63].
15-30 cells were selected per vessel in assessing the junc-
tion thickness and two individuals similarly assessed and
compiled their data in a blinded manner. ImageJ was utilized
to assess lymphatic vessel diameter on the 10X images [63].

Statistics

Data analyses were performed by two individuals in a
blinded manner throughout the study. Independent two-
sample populations were assessed utilizing an unpaired,
two-sample 7-test with a normal distribution assumption.
When there were eight or more groups (including the two
subcategories of media type and flow type), a two-way
ANOVA was performed with a Tukey’s HSD test, and when
there were four groups (flow type comparison), a one-way
ANOVA was performed with a Tukey’s HSD test. p <0.05
was the threshold for statistical significance. The p-values
and sample numbers (biological replicates, n) are detailed
in the figure legends. Data on the graphs represent aver-
age values, and all single data points were also presented
in every plot. Error bars depict the Standard Error of the
Mean (S.E.M.).

Results

LECs in Luminal or Interstitial Flow in VEGF-A
or VEGF-C Generate and Maintain Engineered
Lymphatic Vessels

To assess how engineered lymphatic vessels (LVs) respond
to varying flow patterns under VEGF-A or VEGF-C con-
ditions, we developed a lymphatic vessel-on-chip model
that consists of two parallel microchannels, embedded in
a 3D collagen 1 matrix and connected to media reservoirs
(Fig. la, left). Human dermal microvascular lymphatic
endothelial cells (LECs) were seeded into one channel to
reconstitute a rudimentary, engineered LV (Fig. 1a, right).
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The devices were divided into three media groups: VEGF-
A, VEGF-C, and no VEGF (without VEGF-A or VEGF-
C). VEGF-A or VEGF-C were introduced into our growth
factor-depleted EGM-2MV media that was incorporated
into the devices. Next, the VEGF-A, VEGF-C, and no
VEGEF groups were subdivided into four different groups
with distinct flow patterns: (i) no flow, (ii) luminal flow,
(iii) interstitial flow, and (iv) luminal and interstitial flow
(“both flow”) (Fig. 1c). As described in the “Materials and
Methods” section, the no flow group was maintained by
providing equal volumes of media to the media reservoirs
on a static surface. The luminal flow group was main-
tained by providing equal volumes of media to the media
reservoirs on a rocking platform, which allows only a
gravity-mediated luminal flow within the lymphatic chan-
nel. The interstitial flow group was prepared by applying
differential volumes of fluid to the media reservoirs on a
static surface, which allows only a hydrostatic pressure-
mediated interstitial flow from the acellular channel to the
lymphatic channel. Lastly, the both luminal and interstitial
flow group was maintained by applying differential media
volumes to the reservoirs (interstitial flow) and keeping
the devices on a rocker (luminal flow) (Fig. 1b, c). As
such, there were 12 experimental groups: VEGF-A/No
Flow, VEGF-A/Luminal Flow, VEGF-A/Interstitial Flow,
VEGF-A/Both Flow, VEGF-C/No Flow, VEGF-C/Lumi-
nal Flow, VEGF-C/Interstitial Flow, VEGF-C/Both Flow,
No VEGF/No Flow, No VEGF/Luminal Flow, No VEGF/
Interstitial Flow, and No VEGF/Both Flow.

In our 3D culture, we found that LECs in luminal or inter-
stitial flow in VEGF-A or VEGF-C generate and maintain
engineered lymphatic vessels (Fig. 1d). LECs in one of the
representative devices expressed VE-cadherin, a vascular
endothelial adherens junction marker in their junction areas
(Fig. 1d). We further stained the engineered LVs with anti-
Prox1 antibodies and confirmed the lymphatic endothelial
identity in the cells we seeded and cultured in our devices
(Fig. le). However, in the groups without VEGF-A or
VEGF-C (no VEGF groups), engineered LVs with lumens
were only maintained in the luminal flow and both flow
groups (Supplementary Fig. 1). Surprisingly, in no VEGF
conditions, interstitial flow and no flow were unable to form
a lymphatic vessel with a lumen (Supplementary Fig. le).
As such, data for this paper is represented based on the eight
groups with either VEGF-A and VEGF-C, and the mini-
mal acquired data for no VEGF is found in Supplemental
Fig. la—d. The lack of vessel formation in the no VEGF
groups in interstitial flow and no flow suggests the important
role of having either consistent luminal flow or VEGF for
the generation and maintenance of rudimentary LVs. Taken
together, LECs in luminal and/or interstitial flow in VEGF-
A or VEGF-C generate and maintain engineered lymphatic
vessels, but no VEGF condition only allows vessel formation
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when the luminal flow is involved, whether the luminal flow
is alone or in conjunction with the interstitial flow.

Combining VEGF-C and Interstitial Flow Increases
LEC Junction Discontinuity

Based on the device we created in Fig. 1, we examined the
discontinuity of lymphatic endothelial cell (LEC) junctions
as they varied between flow type and media type (Fig. 2).
To assess LEC junction discontinuities, cells stained for VE-
cadherin were imaged and adjusted on a threshold deter-
mined by Otsu’s method [64], and the number of junction
discontinuities per cell was counted. Two individuals, in a
blinded manner, separately quantified the number of dis-
continuities in the borders of 15-30 randomly selected cells
within each vessel. The average values of one individual’s
quantifications were normalized to the average of the other
individual’s values to ensure that the range of discontinuities
found was similar. This study had 4-6 biological replicates
(the number of distinct devices/vessels) per group. To test
whether the VE-cadherin signal is not a staining artifact but
a valid signal, we co-stained the vessels with a tight junction
marker, anti-JAM-A antibodies (JAM-A: Junctional adhe-
sion molecule-A), and confirmed tight junction (JAM-A)
colocalization with adherens junction (VE-cadherin) in the
devices (Supplementary Fig. 2). Upon this confirmation, we
quantified LEC junctions using the VE-cadherin staining
images throughout the study.

We first combined all the data in VEGF-A or VEGF-C,
regardless of their flow types to evaluate the roles of VEGF-
A and VEGF-C in LEC junction formation (Fig. 2a). In gen-
eral, VEGF-C appeared to loosen the cell junctions with
significantly more discontinuities than VEGF-A (p=0.0176)
(Fig. 2a). Next, we combined all of our data in each flow
type, regardless of their growth factor conditions to assess
the roles of flow in LEC junction formation (Fig. 2b). Using
the one-way ANOVA with Tukey’s HSD test-based quanti-
fication of the discontinuities across flow types indicated no
significant differences between any of the flow types when
comparing flow irrespective of growth factors (Fig. 2b). The
greatest difference, although not significant, between the
flow types exists between luminal flow with the lowest dis-
continuities and interstitial flow with the highest discontinui-
ties (Luminal Flow: 1.3 +0.1; Interstitial Flow: 1.87 +0.3;
p=0.15).

When flow type and media type were analyzed together,
VEGF-C in the interstitial condition appeared to loosen
LEC junctions dramatically, as there were more junction
discontinuities than LEC junction discontinuities in the other
conditions (Fig. 2c). Using the two-way ANOVA with Tuk-
ey’s HSD test-based quantification of the discontinuities,
we revealed that the effects of interstitial flow in VEGF-
C become more pronounced, having more discontinuous
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a b
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Fig.2 LEC junction discontinuity with VEGF-A or VEGF-C and
with different flow patterns. a Quantification of junction discontinui-
ties per lymphatic endothelial cell (LEC) with VEGF-C or VEGF-A
media. An unpaired Student t-test was used (*p <0.05) with biologi-
cal replicates (VEGF-A: n=19; VEGF-C; n=19; n represents whole
vessels/devices). b Quantification of junction discontinuities per
LEC between no flow, luminal flow, interstitial flow, and both flows.
One-way ANOVA with Tukey’s HSD tests was used with biological
replicates (No Flow: n=10; Luminal Flow: n=11; Interstitial Flow:
n=9; Both Flow: n=8). There was no significance between these

junctions than any other groups. The p-values of these
comparisons were VEGF-A/No Flow vs. VEGF-C/Intersti-
tial Flow, p=0.02; VEGF-A/Luminal Flow vs. VEGF-C/
Interstitial Flow, p=0.0002; VEGF-A/Interstitial Flow vs.
VEGF-C/Interstitial Flow, p=0.0003; VEGF-A/Both Flow
vs. VEGF-C/Interstitial Flow; p=0.0001; VEGF-C/No Flow
vs. VEGF-C/Interstitial Flow, p=0.0021; VEGF-C/Lumi-
nal Flow vs. VEGF-C/Interstitial Flow, p=0.0011; VEGF-
C/Interstitial Flow vs. VEGF-C/Both Flow, p=0.0374
(Fig. 2c). The representative VE-cadherin-stained images
were shown in Fig. 2d. In the VEGF-A condition, more
robust and continuous junctions were observed in all flow
groups compared to the no flow group (Fig. 2d, upper). In
the VEGF-C condition, there appear to be very few zip-
per junctions in the interstitial flow group as the discon-
tinuities increase, however, luminal and both flow groups
formed more zipper-like junctions with fewer discontinui-
ties (Fig. 2d, lower). Taken together, VEGF-C independently
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four groups. ¢ Quantification of junction discontinuities per LEC
between flow patterns and VEGF-C and VEGF-A media. Two-way
ANOVA with Tukey’s HSD tests was used (*p<0.05, **p<0.01,
*##%p <(0.001) with biological replicates (n=4-6; n represents whole
vessels/devices). d Representative confocal images of engineered
lymphatic vessels across flow patterns with VEGF-C or VEGF-A
with anti-VE-cadherin antibody staining to show LEC adherens junc-
tions and DAPI to show LEC nucleus. a—¢ Data are expressed as
mean + S.E.M. and individual data are presented in the graphs

appeared to loosen junctions, and interstitial flow with
VEGF-C induced greater discontinuities in LEC junctions.

VEGF-A in Interstitial Flow Alone or Both Interstitial
and Luminal Flows Stimulates Lymphatic Sprouting
with Maintaining Zipper-Like LEC Junctions

To assess the lymphangiogenic potential of different flow
regimes with different media conditions, lymphatic sprout-
ing was assessed in the lymphatic vessel-on-chip model
(Fig. 3). Lymphatic sprouting was quantified by counting the
number of matrix-invaded LECs forming lymphatic sprouts
that had clear co-staining by DAPI and anti-VE-cadherin
antibodies. Using the two-way ANOVA with Tukey’s HSD
test-based quantification, we found that under the VEGF-A
condition, interstitial flow and both flow groups (interstitial
flow and luminal flow) produced significantly more sprouts
than luminal flow or no flow groups (Fig. 3a). VEGF-A/
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Fig.3 Lymphatic sprouting with VEGF-A or VEGF-C and with dif-
ferent flow patterns. a Quantification of lymphatic sprouting between
flow patterns and VEGF-C and VEGF-A media. Two-way ANOVA
with Tukey’s HSD tests was used (**p <0.01, ***p <0.001) with bio-
logical replicates (n=4-6, n represents whole vessels/device). Data
are expressed as mean+S.E.M. and individual data are presented
in the graphs. b Representative confocal images of engineered lym-

Interstitial Flow group had an average of 70 + 15.8 sprouts
per vessel and VEGF-A/Both Flow group had an average
of 82.4 +29.7 sprouts. The other groups, including VEGF-
A/Luminal Flow, VEGF-A/No Flow, and VEGF-C with
all types of flow had consistently low values of sprouting
between 0 and 5 sprouts per vessel, with one outlier of one
data point with 10 sprouts in VEGF-C/Luminal flow group.
Overall, VEGF-A with the interstitial flow or both inter-
stitial and luminal flows had significantly more sprouting
compared to every other group as shown in these p-values:
VEGF-A/No Flow vs. VEGF-A/Interstitial Flow, p=0.0035;
VEGF-A/No Flow vs. VEGF-A/Both Flow, p=0.0004;
VEGF-A/Luminal Flow vs. VEGF-A/Interstitial Flow,
p=0.0022; VEGF-A/Luminal Flow vs. VEGF-A/Both Flow,
p=0.0002; VEGF-A/Interstitial Flow vs. VEGF-C/No Flow,
p=0.0036; VEGF-A/Interstitial Flow vs. VEGF-C/Luminal
Flow, p=0.0031; VEGF-A/Interstitial Flow vs. VEGF-C/
Interstitial Flow, p=0.0093; VEGF-A/Interstitial Flow vs.
VEGF-C/Both Flow, p=0.0022; VEGF-A/Both Flow vs.
VEGF-C/No Flow, p=0.0004; VEGF-A/Both Flow vs.
VEGF-C/Luminal Flow, p=0.0003; VEGF-A/Both Flow
vs. VEGF-C/Interstitial Flow, p=0.0013; VEGF-A/Both
Flow vs. VEGF-C/Both Flow, p=0.0002 (Fig. 3a). The rep-
resentative VE-cadherin and DAPI staining for the sprouting
images show clearly increased numbers of lymphatic sprout-
ing in VEGF-A, toward the interstitial fluid pressure gradi-
ent (in other words, against the direction of the interstitial
flow, white arrows) when the interstitial flow is involved,
whether the interstitial flow is alone or in conjunction with
the luminal flow (Fig. 3b). Interestingly, these VEGF-A
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Both

Luminal Interstitial

phatic vessels across flow patterns with VEGF-C or VEGF-A with
anti-VE-cadherin antibodies to show LEC adherens junctions and
DAPI to show LEC nucleus. Double-headed, yellow arrows parallel
to a vessel represent luminal flow, and single-headed white arrows
perpendicular to a vessel represent interstitial flow (interstitial flow
direction is from bottom to top in the image)

based sprouting conditions did not form discontinuous LEC
junctions in our junction discontinuity analyses (Fig. 2c, d).
Taken together, VEGF-A in interstitial flow or both flow
conditions stimulates lymphatic sprouting but still maintains
continuous, zipper-like LEC junctions.

VEGF-A/VEGF-C and Varied Flow Patterns Do Not
Change LEC Junction Thickness and Lymphatic
Vessel Diameters

Next, to further assess vessel characteristics as they modu-
late in varying flow and media conditions, LEC junction
thickness and lymphatic vessel diameters were determined in
the lymphatic vessel-on-chip model (Figs. 4, 5). LEC junc-
tion thickness was assessed in a blinded manner by two indi-
viduals by measuring LEC junction widths at four points per
cell for 15-30 cells per vessel utilizing ImageJ software [63].
The average values of the two individuals were compiled
and we had 5-6 biological replicates (vessels/devices) per
group. Like our junction discontinuity data, we combined all
of the data in VEGF-A or VEGF-C, regardless of their flow
types to assess the roles of growth factors in junction thick-
ness. There were no significant differences found between
the thickness of the LEC junctions between the two growth
factor cohorts (Fig. 4a). Next, we combined all of the data
in each flow type, regardless of the types of growth factors
to examine the roles of flows in junction thickness. When
comparing the four flow patterns, there were no significant
differences between the four groups (Fig. 4b). Lastly, when
assessing the data with both media types and flow types



A 3D Human Lymphatic Vessel-on-Chip Reveals the Roles of Interstitial Flow and VEGF-A/C for...

a s b .

00
2.0 2.04

oo

1.59

1.04

Junction thickness (um)
Junction thickness (um)

0.5 054

o

9

<
& &

No Flow Luminal Interstitial

VEGF-A

VEGF-C

Fig.4 LEC junction thickness with VEGF-A or VEGF-C and with
different flow patterns. a Quantification of LEC junction thickness
with VEGF-C or VEGF-A media. Unpaired Student t-test was used
with biological replicates (VEGF-A: n=20; VEGF-C; n=19; n rep-
resents whole vessels/devices). All comparisons showed no signifi-
cance. b Quantification of LEC junction thickness between no flow,
luminal flow, interstitial flow, and both flow. One-way ANOVA with
Tukey’s HSD tests was used with biological replicates (No Flow:
n=10; Luminal Flow: n=11; Interstitial Flow: n=9; Both Flow:
n=9). All comparisons showed no significance. ¢ Quantification

combined, there were again no significant differences in the
thickness of the junctions (Fig. 4c). The representative VE-
cadherin staining for assessing junction thickness images
were shown in Fig. 4d.

To assess LEC contractility under different flow and
growth factor conditions, the diameter of engineered lym-
phatic vessels was assessed across flow types and media
types (Fig. 5). In general, more contractile LECs form a
lymphatic vessel with a smaller diameter, or less contractile
LECs form a lymphatic vessel with a bigger diameter. When
we combined all of our data in VEGF-A or VEGF-C, regard-
less of the flow regimes, there were no significant differ-
ences in lymphatic vessel diameters (Fig. 5a). Additionally,
there was no difference in diameters when we combined all
of our data in different flow conditions, regardless of the
growth factors used (Fig. 5b). Lastly, the four flow patterns
did not institute significantly different diameters from each
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of LEC junction thickness between flow patterns and VEGF-C and
VEGF-A media. Two-way ANOVA with Tukey’s HSD tests was
used with biological replicates (n=4-6; n represents whole vessels/
devices). All comparisons showed no significance. d Representative
confocal images of engineered lymphatic vessels across flow patterns
with VEGF-C or VEGF-A with anti-VE-cadherin antibody staining
to show LEC adherens junctions and DAPI to show LEC nucleus.
a—c Data are expressed as mean +S.E.M. and individual data are pre-
sented in the graphs

other either in VEGF-A and VEGF-C (Fig. 5¢). The rep-
resentative vessel images were shown in Figure 5d. Taken
together, VEGF-A, VEGF-C, and varied flow patterns do not
significantly influence LEC junction thicknesses and LEC
contractility-related lymph vessel diameters in our lymphatic
vessel-on-a-chip model.

Discussion

In this study, we engineered an in vitro, 3D human lym-
phatic vessel-on-chip model to study lymphatic endothelial
cell (LEC) junction morphogenesis and lymphatic sprouting
under luminal and interstitial flow conditions with VEGF-A
and VEGF-C treatment (Fig. 1). We instituted four distinct
fluid flow patterns in our devices: (i) no flow, (ii) luminal
flow, (iii) interstitial flow, (iv) luminal and interstitial flow
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Fig.5 Lymphatic vessel diameter with VEGF-A or VEGF-C and
with different flow patterns. a Quantification of lymphatic ves-
sel diameter with VEGF-C or VEGF-A media. Unpaired Student
t-test was used with biological replicates (VEGF-A: n=22; VEGF-
C; n=21; n represents whole vessels/devices). All comparisons
showed no significance. b Quantification of lymphatic vessel diam-
eter between no flow, luminal flow, interstitial flow, and both flow.
One-way ANOVA with Tukey’s HSD tests was used with biological
replicates (No Flow: n=10; Luminal Flow: n=12; Interstitial Flow:

(“both flow”). VEGF-A or VEGF-C were introduced into
our growth factor-depleted EGM-2MV media that was incor-
porated into the devices. In this study, we discovered that
interstitial flow in VEGF-C generates discontinuous LEC
junctions, but the interstitial flow or both flow (luminal and
interstitial flow) stimulates lymphatic sprouting in VEGF-A
with maintaining continuous LEC junctions (Fig. 6).

In the LEC junction studies, we showed that VEGF-C
loosened LEC junctions overall, and VEGF-C in the intersti-
tial flow condition had dramatically increased cell junction
discontinuities relative to all other groups (Figs. 2, 6a, b).
This result indicates that interstitial flow in VEGF-C would
be the best condition to simulate discontinuous LEC junc-
tions in the initial lymphatic vessels (LVs) based on robust
junction discontinuities. In nature, initial LVs mostly experi-
ence interstitial fluid pressure rather than being exposed to
luminal shear stress. Interstitial flow reflects the anatomical
function of initial LVs in absorbing interstitial fluid through
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n=10; Both Flow: n=11). All comparisons showed no significance.
¢ Quantification of lymphatic vessel diameter between flow patterns
and VEGF-C and VEGF-A media. In two-way ANOVA with Tukey’s
HSD tests (n=4-6; n represents whole vessels/devices). All com-
parisons showed no significance. d Representative confocal images of
engineered lymphatic vessels across flow patterns with VEGF-C or
VEGF-A with anti-VE-cadherin antibodies, phalloidin (F-actin), and
DAPI staining. a—c Data are expressed as mean+S.E.M. and individ-
ual data are presented in the graphs

opening the overlapping flaps of LECs, whereas the col-
lecting LVs that are mostly experiencing luminal flow have
zipper-like junctions, which are required to maintain fluid
luminally for lymph transport. Indeed, we showed that lumi-
nal flow or both flow (luminal and interstitial flow) zippered
LEC junctions in VEGF-C, showing decreased junction dis-
continuities. This implies that lymphatic vessels prioritize
responding to luminal flow over interstitial flow in their
junction zippering when both flows were provided [65, 66].
Given that we used luminal shear stress of 3.5—4.5 dyne/
cm? and interstitial flow of a flow rate of 1 um/s, further
investigations remain to be performed with different levels
of luminal shear stress and interstitial flow rate to determine
the threshold of those flow stimuli and to know the relative
contributions of each flow pattern in generating discontinu-
ous or continuous LEC junctions.

In addition to physical factors such as luminal and inter-
stitial flow, several biological factors have been discovered
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Fig.6 Summary of junction discontinuities and sprouting with
VEGF-A or VEGF-C and with different flow patterns. a A chart cat-
egorizing LEC junction buttoning (loose junction) or zippering (tight
junction) based on flow pattern and VEGF-A or VEGF-C media. b
Heat map categorizing LEC junction buttoning or zippering based on

that impact LEC junctions [12, 13, 18-21]. VEGF-C plays
a critical role in lymphatic endothelial cell (LEC) prolif-
eration, migration, and junction assembly [67]. Our data is
consistent with current literature in that VEGF-C increased
the discontinuities of LEC junctions [21], which should be
a metric of lymphatic permeability. As such, our device’s
response to VEGF-C is consistent with other studies that
report VEGF-C elevates lymphatic permeability [68]. By
contrast, in the VEGF-A condition, we showed zipper-like
LEC junctions in all of the flow conditions (Fig. 2), which is
also consistent with the previous studies that suggest VEGF-
A induces junction zippering [13, 20]. Our work adds to
this collection by demonstrating that interstitial flow, modu-
lated by VEGF-C, plays a role in inducing LEC junction
buttoning.

Our research further revealed that lymphatic sprouting is
induced in conditions when it receives VEGF-A and intersti-
tial flow or both flow (interstitial and luminal flow) (Figs. 3,
6¢, d). In contrast, VEGF-A with no flow or luminal flow
did not trigger lymphatic sprouting; VEGF-C with all four
flow conditions also did not induce any lymphatic sprouting.
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flow pattern and VEGF-A or VEGF-C media. ¢ A chart categorizing
LEC sprouting or quiescence based on flow pattern and VEGF-A or
VEGF-C media. d Heat map categorizing LEC sprouting or quies-
cence based on flow pattern and VEGF-A or VEGF-C media

These results suggest that VEGF-A and interstitial flow are
the minimum requirements to promote lymphatic sprouting.
These also point out that luminal flow alone could not trigger
lymphatic sprouting in VEGF-A stimulation. Interestingly,
it appeared that luminal flow could synergize lymphatic
sprouting when both VEGF-A and interstitial flow exist,
even though there was no significant difference between the
VEGF-C/Interstitial Flow and VEGF-C/Both Flow groups.
Related to the roles of VEGF-A in lymphatic sprouting dis-
cussed in our results, there is some evidence and research of
in vitro LEC proliferation and migration by VEGF-A [69,
70]. Inhibition of VEGF-A/VEGFR2 signaling in human
dermal LECs significantly reduced LEC proliferation
and migration [69]. In another study, endothelial-specific
molecule-1 (ESM-1), a gene that is induced by VEGF-A/
VEGFR-2 activation was critical in LEC proliferation and
migration [70]. However, it is also believed that VEGF-C/
VEGF-D and VEGFR3 signaling is the primary path of
lymphangiogenesis [23, 67]. Nevertheless, strikingly, our
VEGF-C groups did not induce lymphatic sprouting in all
flow patterns. While lesser understood as a lymphangiogenic
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factor, perhaps VEGF-A in our in vitro setting was only able
to stimulate sprouting under the influence of interstitial flow
across the 2.5 mg/mL collagen 1 hydrogel. Making endothe-
lial sprouting with cell invasion into 3D collagen might not
be a trivial process compared to other gel types such as fibrin
gel or Matrigel. Also, the concentration of collagen 1 might
also affect lymphatic sprouting. Different hydrogels with
different concentrations and stiffnesses are to be tested in
the settings to better decipher the roles of flow patterns and
VEGF-A/C in lymphatic sprouting. Related to these find-
ings, Notch signaling might provide some clues since the
Notch signal has been implicated in lymphatic sprouting. It
has been reported that suppression of Notch signaling syner-
gized with VEGF-A in lymphatic sprouting [71]. This study
suggested that Notch pathways induce LEC quiescence, pre-
venting sprouting, but Notch inhibition triggers lymphatic
sprouting in the presence of VEGF-A [71]. In another study,
Choi et al. described that reduced Notch signaling promoted
lymphatic sprouting under laminar shear flow [34]. Based on
these studies, further investigations are warranted to exam-
ine Notch activities in the luminal and interstitial flow con-
ditions in VEGF-A/C to understand whether certain flow/
growth factor conditions more potently inhibit or degrade
Notch and promote lymphatic sprouting.

Lastly, we showed that lymphatic sprouting under inter-
stitial flow in VEGF-A maintained zipper junctions in engi-
neered LVs (Fig. 2). This might be because of the VEGF-A
effect on junction zippering, however, even without consid-
ering VEGF-A, this result is worth further discussing. In
general, blood vessels destabilize junctions when they sprout
and stabilize their junctions when they mature [72]. By con-
trast, lymphatic vessels in their early development, maintain
zippers and later develop more buttons when they mature
[13, 19]. Moreover, in adult animals, inflammation-induced
lymphatic sprouting showed zipper junctions [12, 18, 19].
In this sense, our data showing zippers in sprouting LVs is
consistent with the previous observations. It is necessary to
further investigate how maturation processes in lymphatic
and blood vessel junctions are differently regulated in lym-
phangiogenesis and angiogenesis at molecular levels.

Despite the intriguing findings, our study has several
limitations. Given that we used human LECs in a cylindri-
cal channel shape, future in vitro models with anatomically
realistic initial lymphatic structures of blind-ended vessels
need to be developed. Performing inward permeability or
drainage assays would also be useful to examine the func-
tionality of lymphatic vessels in different flow and growth
factor conditions. Mechanistic understanding of the LEC
junction remodeling would also be enhanced by assessing
gene expressions in the engineered lymphatic vessels in dif-
ferent flow conditions.

In summary, we created a human lymphatic vessel-
on-chip in vitro to evaluate LEC junction formation and
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lymphatic sprouting in the luminal and interstitial flow,
under VEGF-A or VEGF-C stimulation. We found that
VEGF-C, when under interstitial flow, increases junction
discontinuities that may be similar to the initial lymphat-
ics’ button-like junctions. We also discovered that VEGF-A,
when under interstitial flow whether interstitial flow only or
luminal and interstitial flow, induces significant lymphatic
sprouting with maintaining the zipper junctions. The 3D
lymphatic vessel-on-chip model may provide a unique plat-
form to explore mechanisms of lymphatic junction morpho-
genesis and sprouting under different flow conditions and
growth factors, which will enhance our understanding of
lymphatic physiology and disease.
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tary material available at https://doi.org/10.1007/s12195-023-00780-0.
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