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Regulating Lymphatic Vasculature in Fibrosis:
Understanding the Biology to Improve the Modeling

Brian N. K. Ruliffson and Catherine F. Whittington*

Fibrosis occurs in many chronic diseases with lymphatic vascular insuffi-
ciency (e.g., kidney disease, tumors, and lymphedema). New lymphatic capil-
lary growth can be triggered by fibrosis-related tissue stiffening and soluble
factors, but questions remain for how related biomechanical, biophysical,

and biochemical cues affect lymphatic vascular growth and function. The
current preclinical standard for studying lymphatics is animal modeling, but
in vitro and in vivo outcomes often do not align. In vitro models can also be
limited in their ability to separate vascular growth and function as individual
outcomes, and fibrosis is not traditionally included in model design. Tissue
engineering provides an opportunity to address in vitro limitations and mimic
microenvironmental features that impact lymphatic vasculature. This review
discusses fibrosis-related lymphatic vascular growth and function in disease
and the current state of in vitro lymphatic vascular models while highlighting
relevant knowledge gaps. Additional insights into the future of in vitro
lymphatic vascular models demonstrate how prioritizing fibrosis alongside
lymphatics will help capture the complexity and dynamics of lymphatics in
disease. Overall, this review aims to emphasize that an advanced under-
standing of lymphatics within a fibrotic disease—enabled through more accu-
rate preclinical modeling—will significantly impact therapeutic development

capillaries) to pre-collecting lymphatics
and larger collecting lymphatics.?! His-
torically, lymphatics were viewed as a pas-
sive vascular network for toxin removal,
immune cell trafficking, and dietary lipid
transport. However, evidence over the
years has shown that lymphatic vascula-
ture plays a more active role in physiolog-
ical and pathophysiological conditions.>
Moreover, the diverse origins of lymphatic
vessels produce organ- and disease-
specific vascular growth, structures, and
functions that put lymphatic vasculature
in the spotlight as a potential therapeutic
target,*°! especially for diseases or condi-
tions with significant lymphatic involve-
ment but no effective curative solutions.
Lymphangiogenesis—new vessel
growth (or sprouting) from existing
lymphatic vessels—is a key participant
in many natural and pathological pro-
cesses in adult tissues (e.g., wound
healing, inflammation, tumor metastasis,

toward restoring lymphatic vessel growth and function in patients.

1. Introduction

Lymphatic vascular networks are found throughout the body,
and they maintain interstitial homeostasis by serving as a
drainage system for interstitial tissue fluid, cells, and macro-
molecules (e.g., proteins, lipids) that accumulate throughout
the body.l! These networks are comprised of lymphatic vessels
that form during embryonic development and assemble into a
vascular hierarchy that transitions from initial lymphatics (or
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fibrosis).l) As lymphatic capillaries grow
and branch, they form dense vascular
networks to increase the overall surface
area available for interstitial fluid uptake.
Therefore, barrier function (measured by vessel permeability)
that controls fluid movement across the vessel wall is the other
key factor in dictating overall vascular sufficiency. Under cer-
tain pathological conditions, the tissue microenvironment sur-
rounding lymphatic vasculature experiences significant changes
that alter vessel growth and function.”! Fibrosis—excess extra-
cellular matrix (ECM) deposition and scarring of connective
tissue—is a common occurrence across numerous pathological
conditions that also involve significant amount of lymphatic
dysregulation (e.g., chronic kidney disease, lymphedema, car-
diac fibrosis, cancerous tumors).[*3l Inflammation often works
in tandem with fibrosis in many conditions to create a bio-
physical (e.g., ECM stiffening), biomechanical (e.g., increased
interstitial pressure), and biochemical (e.g., pro-lymphangio-
genic growth factors, inflammatory cytokines) environment
that changes with time and perpetuates the disease state.l®1418]
These changes not only influence lymphatic endothelial cell
(LEC) behavior (i.e., proliferation, migration) and cell-cell junc-
tion integrity,21%2% but they also affect stromal cell popula-
tions (e.g., fibroblasts, immune cells) that interact with LECs
through paracrine signaling. Moreover, the altered signaling
leads to vascular outcomes that deviate from the norm and sig-
nificantly impact patient health. For example, an insufficient
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amount of functional lymphatic vessels can lead to fluid build-
up in tissues (e.g., cardiac edema, lymphedema),'>21-2% while
hyper-sprouting of leaky capillaries (low barrier function) can
enable tumor metastasis.?°=?8] In chronic kidney disease with
renal fibrosis, increased lymphangiogenesis helps drain excess
fluid, but increased recruitment of dendritic cells to the lymph
nodes combined with leaky vessels disrupts the immune
response.[10:13]

Since inflammation and tissue stiffening can trigger lym-
phangiogenesis and alter barrier function,%16202930 gtudies
on lymphatic vasculature should consider each of these fac-
tors when developing therapeutic strategies. Currently, there
are differences in treatment approaches based on the type of
lymphatic dysregulation. When fibrosis is involved, lymphatic
vascular growth is often the primary therapeutic target to
reverse or suppress further fibrosis development and disease
progression.[t132123.30-32] For example, tumors and chronic
kidney fibrosis are treated with anti-lymphangiogenic therapies
(e.g., anti-VEGFR therapy) to counteract increased lymphatic
vascular growth. On the other hand, lymphedema treatments
promote lymphangiogenesis (e.g., VEGF-A therapy) because of
insufficient vasculature.l321:23:31.3334] However, cancer patients
with secondary lymphedema cannot be treated with pro-
lymphangiogenic therapies due to the risk of increasing peritu-
moral lymphatic vasculature that could promote metastasis.*’]
Collectively, these approaches only address lymphatic growth
and not function, likely due, in part, to the conflation of lym-
phangiogenesis with lymphatic vascular function (i.e., vascular
permeability, valve function).[34

There are also knowledge gaps surrounding fibrosis-mediated
drivers of lymphatic vascular growth and function in disease, as
well as temporal aspects of biochemical and biophysical sign-
aling that vary across stages of fibrotic progression (early vs
late). Nevertheless, without the appropriate tools and techniques
to investigate these knowledge gaps, therapeutic development
will remain stagnant. Currently, in vivo studies of lymphatics
and disease are more common than in vitro, but the focus of
both in vivo and in vitro models of lymphatic biology has largely
been on development. This research focus has led to a better
understanding of early stages of lymphatics during embryonic
development, along with relationships to postnatal and patho-
logical lymphatics (Reviewed!*3¢-38)). However, pathological lym-
phatics still requires more attention in the in vitro modeling
space. Therefore, we focus this review on disease states that
impact lymphatic vascular growth and function rather than lym-
phatics in developmental stages to set the stage for next-genera-
tion modeling of pathological lymphatic vasculature.

After providing an overview of lymphatic vascular structure
and function, we establish the current understanding of the
interplay between lymphatic vasculature (primarily lymphatic
capillaries) and the fibrotic microenvironment within the con-
text of mechanoregulation and lymphatic vascular behaviors
and responses observed in early- and late-stage fibrosis. We
then delve into how tissue engineering and microfabrication
approaches are being used to recreate lymphatic vasculature
and the surrounding microenvironment for improved pre-
clinical modeling in vitro. Even though a great deal of in vivo
animal work has been done to study lymphatic vasculature, in
vitro tissue-engineered models enable studies to systematically

Adv. Biology 2023, 7, 2200158 2200158 (2 of 17)

www.advanced-bio.com

investigate key interactions and mechanisms that drive lym-
phatic vessel growth, function, and dysregulation. Finally, we
present future research directions and opportunities in in vitro
modeling and lymphatic tissue engineering research that can
be used to increase understanding of lymphatic biology and
pathological lymphatics and enhance therapeutic development.

2. Lymphatic Vascular Structure, Growth, and
Function

2.1. Origins and Structure

Lymphatic vasculature is comprised of a branched vascular
network that begins as blind-ended initial lymphatics/cap-
illaries that connect to larger pre-collecting and collecting
vessels (Figure 1). The larger vessels transport lymph fluid
through lymph nodes that filter the fluid and return it to cir-
culation.?*# Lymphatic vessels form during embryonic
development and most arise from transdifferentiated venous
endothelial cells that express prospero-related homobox 1
(Prox1; transcription factor). Multiple comprehensive review
articles have been published to highlight new insights in our
understanding of lymphatics in early development!36-3842-4]
and studies within the last decade have revealed organ-specific
lineages that deviate from the typical venous origins (Reviewed
by Petrova and Koh, 2018).™ For instance, lumbar and cardiac
lymphatic vessels primarily form from coalescing Tie2-lineage-
nonvenous LEC progenitors,>! while thoracic, cervical, and
skin lymphatic vessels form from lymphangiogenic sprouting
of Tie2-lineage* LEC progenitors.[*’l Differences across organs
also extend to signaling downstream of established lym-
phatic vessel regulators such as vascular endothelial growth
factor (VEGF)-C/ vascular endothelial growth factor receptor
(VEGFR)-3 and Prox1,} which may have future implications
in engineering organ-specific LECs for regeneration. Moreover,
organ-specificity in lymphatic vasculature may contribute to
disease-specific lymphatic vasculature and related behaviors
that influence therapeutic strategies.

Even with organ-specificity, many structural features of
lymphatic vessels are conserved between organs, and all LECs
express Proxl, VEGFR3, and lymphatic vessel endothelial
receptor 1 (LYVE-1).8] However, some features vary along the
lymphatic vascular hierarchy. Lymphatic capillaries (diameter:
1075 um) are comprised solely of LECs and are not surrounded
by a continuous basement membrane or mural (support) cells.
Instead, the capillaries have discontinuous “button-like” junc-
tions between oak leaf-shaped LECs* to provide points of entry
to transport interstitial lymph fluid containing macromolecules
(e.g., lipids, proteins) and cells (e.g., immune) from tissues
across capillary walls via transmural Alow.*% Lymph fluid is
transported from the capillaries to the pre-collecting vessels
and collecting vessels, but unlike lymphatic capillaries, LECs
in pre-collecting and collecting lymphatic vessels have con-
tinuous cell-cell junctions (i.e., zippers). These larger vessels
are also covered by basement membrane and smooth muscle
cells (i.e., mural cells) on the basal side of LECs,! which
makes them less permeable than capillaries. Smooth muscle
cell contractions—along with compressions and pulsation from
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Figure 1. Schematic representation of lymphatic vascular hierarchy (left). Lymphatic endothelial cells (LEC), surrounded by a discontinuous basement
membrane, form lymphatic capillaries that drain interstitial fluid into the pre-collecting lymphatics before reaching collecting lymphatics that are covered
by a continuous basement membrane and peripheral smooth muscle cells. A pressure gradient is formed in collecting lymphatics via the one-way vascular
valves. Lymphatic capillaries interface directly with the interstitial ECM of the surrounding tissue (top). The LECs experience biomechanical inputs such as
interstitial pressure and luminal shear stress. Cell surface receptors such as integrins and VEGFR3 are involved with cell-ECM interactions and growth factor
signaling, respectively, and LECs retain structure and barrier function via cell—cell adhesion molecules such as VE-cadherin. Created with BioRender.com.

surrounding skeletal muscle and arteries—help move lymph
fluid through the pre-collecting and collecting vessels, and
one-way valves within the vessels support unidirectional lymph
fluid flow toward the lymph nodes.

2.2. Lymphatic Vascular Growth

Lymphatic endothelial cell proliferation and migration are
critical for lymphangiogenesis and both processes are regu-
lated, in part, by binding between VEGF-C/D (secreted by LECs
and stromal cells) and VEGFR3 (highly expressed on the LEC
surface).[) Additional growth factors such as fibroblast growth
factor (FGF)P? and platelet-derived growth factor (PDGF)P3
are also involved in lymphangiogenesis but are likely secondary
drivers after VEGF-C/D. Interactions between LECs and the
surrounding ECM via integrins and other cell surface proteins
also regulate lymphangiogenesis via VEGFR3 activation as
these molecules sense and respond to biophysical or biome-
chanical stimuli in the tissue microenvironment.>*>° Upon
VEGFR3 activation, LECs form protrusions that search for bio-
physical or biochemical cues to guide migration.® As these
tip cells migrate, proliferating LECs that are also stimulated
by VEGFR3 activation facilitate capillary elongation. The elon-
gating vessels eventually stabilize as button-like junctions form
between LECs to establish barrier function and control fluid
transport across the capillary wall.”® These steps lead to the
formation of normal lymphatic vasculature, as long as growth
factor, biophysical, and biomechanical signaling is maintained
at normal levels. However, when there is an imbalance, disrup-
tions to lymphangiogenesis and vascular function occur.
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2.3. Lymphatic Vascular Functions

Beyond transporting lymph fluid, lymphatic vasculature has
numerous biological functions that are active in homeostasis
and disease (Reviewed by Petrova and Koh, 2020).5”) The sys-
tem’s primary functions are fluid level balance, waste removal,
immune system regulation and transport, and dietary fat trans-
port and absorption in the intestine. However, functions may
also change with changes to biological demands or disease
states. For example, pre-existing and newly formed lymphatic
capillaries can be found at the tumor periphery and in the
intramural space of various solid tumors.[10:26:27:58] These capil-
laries no longer function to maintain homeostasis, and instead
they enable cancer and immune cell entry into lymphatic vas-
culature to facilitate metastasis, immune cell trafficking, and
disease progression. Biochemical signaling also factors into
lymphatic vascular function as the variable molecular expres-
sion on lymphatic capillaries and along the lymphatic vessel
hierarchy influence functions and outcomes.“l

Button-like junctions between LECs in lymphatic capillaries
and zipper-like junctions in pre-collecting and collecting vessels
are the major gatekeepers for controlling barrier function (i.e.,
vascular permeability) for transmural fluid transport (Reviewed
by Baluk and McDonald, 2022).5% Under normal conditions,
button junctions function as “primary valves” and are typically
regulated by interstitial pressure to control fluid entry into cap-
illaries.°061 Ag pressure increases, lymphatic capillary lumens
stretch to accommodate increased flow and collapse as pres-
sure drops.”M% More dramatic pressure changes can occur
in disease (e.g., solid tumors), but overstretching the lumens
can permanently damage barrier function.''!l Other regulators
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of barrier function include molecules such as Angiopoietin-2,
VEGF-A/VEGFR2, and VEGF-C/VEGFR3 (Reviewed by Zhang
et al., 2020).”) Angiopoietin-2 is important for junction matu-
ration in lymphatic development and likely plays a role in
controlling vascular endothelial (VE)-cadherin phosphorylation
for button junction formation.l®” On the other hand, VEGFR2
signaling promotes zipper junction formation in intestinal cap-
illaries that decreases lipoprotein uptake.[®3] Interestingly, while
VEGEF-C/VEGFR3 signaling is critical for LEC proliferation, dif-
ferentiation, migration, and apoptosis, there is less agreement
about whether VEGF-C/VEGFR3 regulates LEC junctions.
Some studies suggest that VEGF-C exposure decreases barrier
integrity, [+l while others say that VEGF-C/VEGFR3 signaling
has no effect on junctions and barrier function.®?]

When considering immune system regulation, differences
emerge between the types of lymphatic vessels involved. For
example, lymphatic capillaries express chemokine (C-C motif)
ligand 21 (CCL21) to attract CCR7* dendritic cells and LYVE-1 to
bind hyaluronic acid (HA), a glycosaminoglycan in the ECM.
Conversely, collecting vessels have lower expression of mole-
cules that are more active in lymphangiogenesis (e.g., VEGFR3)
and immune cell trafficking (e.g., CCL21, LYVE-1).166-68] I
capillaries, LYVE-1 on LECs facilitates HA turnover within the
ECM surrounding lymphatic vessels,[®! and as HA is taken up
by LECs, it is transported to lymph fluid within the lymphatic
vessels. LYVE-1 also binds to HA in the glycocalyx of dendritic
cells to aid in their trafficking through lymphatic vessels."%71
In the intestine, lymphatic vessels specifically play a role in fat
absorption. Fat-soluble vitamins and dietary lipids are absorbed
by enterocytes and enter the intestinal lymphatics through
intestinal lymphatic capillaries (i.e., lacteals).”? Intestinal lym-
phatics also experience continuous, tightly regulated VEGFR3
signaling as LEC proliferation and lymphangiogenesis are
ongoing processes that are likely sustained by high mechanical
and biochemical stresses within the intestine.’]

3. Fibrosis, Inflammation, and Lymphatics

One source of microenvironmental change that impacts lym-
phatic vascular growth and function is fibrosis, which involves
excess ECM deposition (e.g., collagens, fibronectin) and con-
nective tissue remodeling via myofibroblast activation.['7# Col-
lagens within the ECM also undergo enzymatic crosslinking
via lysyl oxidase, lysyl oxidase like-enzymes 1-4, peroxidasin,
and transglutaminase 2 that strengthens and linearizes col-
lagen fibers.””) The combination of ECM accumulation and
crosslinking leads to overall tissue stiffening, altered ECM
organization, and degradation resistance, which has a signifi-
cant impact on cell responses. Fibrosis can occur in nearly every
tissue of the body with some degree of organ specificity,®'!
that can be dictated, in part, by the diversity in myofibroblast
sources and subpopulations (e.g., hepatic stellate cells, resident
kidney fibroblasts) across organs. Varied immune cell infiltra-
tion also occurs in response to acute injury, and the resulting
inflammatory response promotes myofibroblast activation and
produces inflammatory and pro-fibrotic soluble factors (e.g.,
growth factors, cytokines, proteolytic enzymes) from immune
cells (e.g., macrophages, neutrophils)./677]
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In chronic kidney fibrosis, kidney cell damage induces an
inflammatory response that recruits inflammatory cells and
activates resident fibroblasts and myofibroblasts.’®”% Macro-
phages within the kidney secrete VEGF-C/D to promote
lymphangiogenesis and sustain fibrosis,® and neutrophils
stimulate LEC proliferation and lymphatic growth by releasing
VEGF-C/D and increasing the bioavailability of ECM-bound
VEGF-ABI In cardiac fibrosis that arises from acute myocardial
injury, initial inflammatory responses, which include an influx
of immune cells (e.g., macrophages, neutrophils) and increased
expression of inflammatory cytokines, stimulate cardiac fibro-
blast activation.™® Without proper fluid drainage from damaged
capillaries and altered pre-collecting vessels, interstitial fluid
pressure increases and puts further mechanical strain on car-
diac fibroblasts. Interestingly, studies over the years reveal that
idiopathic pulmonary fibrosis involves very little inflammation
unlike other fibrotic diseases.”’! Lymphatic capillaries in pulmo-
nary fibrosis experience abnormal remodeling in early disease
stages when mural cells are recruited to vasculature that typi-
cally lack mural cells (i.e., capillaries, pre-collecting vessels).®%
Fibroblasts also aggregate around pulmonary lymphatic vessels
in response to higher accumulation of HA that reduces lymph
fluid transport across the vessel walls and further contributes to
fibrosis.[3283]

Although fibrosis and inflammation are not the only causes
of lymphatic vascular dysregulation, they are a major source in
several disease states. In chronic (late-stage) fibrotic conditions
(e.g., chronic kidney fibrosis, cardiac fibrosis, idiopathic pul-
monary fibrosis), the myofibroblast response goes unchecked
and reaches a pathological level®# that often results in tissue
stiffening within the microenvironment.B8 Together with
soluble factors, tissue stiffening produces pathological vascu-
lature with altered lymph fluid flow characteristics and trans-
mural transport properties that maintain or worsen the disease
state 8117677801 Moreover, increased lymphatic vascularization
can promote fibrosis via a positive feedback loop,[2-2383:90-92]
and when rapid lymphangiogenesis occurs, vascular perme-
ability (i.e., barrier function) can increasel??%%] and pro-
duce leaky, nonfunctional vessels.?*894 Conversely, there
are disease states with significant fibrosis (e.g., secondary
lymphedema, myocardial edema) and insufficient lymphatic
vasculature (i.e., inadequate growth, low number of vessels, low
vessel function).?32l Without sufficient functioning lymphatic
vasculature, tissues often swell due to the ineffective transport
of excess fluids back into the blood stream, which causes pain
and other health issues for patients. For these and other condi-
tions that significantly impact lymphatic vasculature, improved
therapeutic targeting is necessary to achieve a curative outcome
rather than merely manage symptoms.

4. Mechanoregulation in Lymphatic Vasculature

The tissue surrounding lymphatic vasculature produces a
variety of dynamic biomechanical (i.e., flow, pressure, and
muscle contractility) and biophysical (e.g., ECM stiffness)
stimuli that act directly on the vessels. Structural differences
across the vascular hierarchy also influence mechanical sign-
aling in the tissue microenvironment as fluid moves through
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and around lymphatic vasculature. Mechanosensitive molecules
and intracellular mechanotransduction signaling pathways that
are activated by mechanical inputs are responsible for how
LECs and stromal cells sense and respond to these dynamic
changes (Reviewed by Geng et al., 2021%%). Lymphatic capil-
laries primarily experience transmural flow across the vessel
wall via their discontinuous button-like junctions, which differs
from higher magnitude laminar flow, luminal shear, oscillatory
shear, and interstitial pressure experienced by LECs in larger
collecting vessels (Figure 1).5% However, lymphatic capillaries
are still sensitive to changes in fluid shear stress, cyclic stretch,
and interstitial fluid pressure, as well as stiffness in the sur-
rounding ECM.

The downstream mechanoregulation events that affect
growth and function in lymphatic capillaries are heavily tied
to cell—cell and cell-ECM adhesion molecules expressed in
LECs and some stromal cell populations. Cell-cell adhesion
molecules between LECs, such as platelet endothelial cell adhe-
sion molecule-1 (PECAM-1) and VE-cadherin, reorganize and
downregulate in response to transmural flow, which directly
impacts vessel integrity and function via changes in vessel per-
meability.®”! Since lymphatic capillaries do not have a basement
membrane, their capacity to sense biophysical and biome-
chanical changes in the microenvironment is enabled by direct
interactions between LECs and the underlying interstitial ECM
through adhesion molecules like elastin microfibril interfacer
1 (EMILIN1)®®97 and integrins.®”) During lymphangiogenesis,
EMILIN1 attaches to elastin and fibulin-5 within the ECM,
while integrins attach to fibronectin (0981, c4pl, o5p1) and
types I and IV collagens (011 and 0231).1% The collagen fibers
that are anchored to LECs also help to open and close capillary
lumens as interstitial pressure changes in the tissues.”*1% In
addition to cell-ECM adhesion, EMILIN1 helps maintain lym-
phatic capillary integrity™ and interacts with ¢9f1 and o4l
integrins to regulate lymphangiogenesis.[®l In fact, studies with
EMILIN1-deficient mice showed enlarged visceral and dermal
lymphatics with a decreased capacity to respond to changes
in interstitial fluid pressure and appropriately regulate lym-
phatic drainage.””] This effect on lymphatic vasculature was
not observed in developing lymphatics, which suggests that
EMILIN1 expression is more critical for postnatal vascular
maintenance and in disease.

Mechanosensitive molecules and pathways transduce
mechanical inputs into biochemical signals in normal and path-
ological conditions.°%*®’] For example, VEGFR3 and VEGF-
C/D signaling are part of a mechanosensitive signaling pathway
that regulates developmental and postnatal lymphangiogen-
esis. Shear forces and stretch activate VEGFR3, which binds
soluble VEGF-C and VEGF-D.*0>%] These binding events
lead to downstream phosphorylation of serine kinases AKT
and ERK, which increases LEC proliferation, migration, and
overall cell health.331% The mechanical microenvironment of
lymphatic vessels also impacts dendritic cell trafficking, as pro-
duction of CCL21 increases with flow in LECs."%! Transcription
factors within LECs are also sensitive to changes in the tissue
microenvironment, with GATA binding protein 2 (GATA2),
yes-associated protein (YAP), and transcriptional co-activator
with PDZ-binding motif (TAZ) being responsive to changes in
tissue stiffness, vessel stretch, fluid shear, and growth factor
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signaling. 0681027105 Yet, the responses are often context-

dependent (e.g., type of mechanical input; in vitro versus in
vivo; vessel type) and not directly correlated with high or low
mechanical stimuli. For example, GATA2 transcription is upreg-
ulated when LECs are exposed to softer/lower ECM stiffness
substrates in vitro'® and higher oscillatory shear in vivo.[°100]
However, despite showing mechanotransduction relationships
with GATA2 expression, the responses observed in these studies
differ with the type of vessel and are only comparable to behav-
iors observed in early lymphatic development and not in dis-
ease. Both YAP and TAZ also respond to numerous types of bio-
mechanical stimuli, including oscillatory shear stressi*¥l and
ECM stiffness.'*1] However, when YAP and TAZ are mechan-
ically activated, their ability to positively or negatively regulate
lymphangiogenesis depends on their downstream targets and
whether activation occurs in fibroblasts or LECs. Specifically,
stiffness-mediated YAP/TAZ activation in fibroblasts increases
VEGF-C production and promotes lymphatic growth,[10810%
which is in contrast to LECs where YAP/TAZ activation down-
regulates Prox1 and leads to reduced VEGFR3 expression and
decreased LEC sensitivity to VEGF-C.[10-113]

Overall, these and other mechanotransduction events can
play significant roles in regulating lymphatic growth and
function, primarily through LEC proliferation and migration.
Much is known about the effects of biomechanical inputs (e.g.,
flow, stretch, interstitial pressure), because they have histori-
cally dominated the lymphatic narrative.’] However, gaps still
remain in the field of lymphatic vascular mechanobiology,
because less attention has been placed on investigating the
contributions of ECM stiffness, and much of the research to
date focuses on lymphatics in embryonic development rather
than disease.l®®9*] As more studies emerge to focus on ECM
stiffness and lymphatics under normal and pathological con-
ditions, %17 the field will have a deeper, more comprehen-
sive understanding of lymphatic mechanobiology. Moreover,
the knowledge gained about mechanosensitive and mecha-
notransduction molecular activity could inform the selection
of therapeutic targets to restore lymphatic vascular growth and
function in several pathological conditions.

5. Dysregulated Lymphatic Vascular Growth and
Function

Under normal homeostatic conditions, LEC proliferation and
migration stay balanced to promote proper vascular growth/
sprouting for vessel extension and stable network forma-
tion across the lymphatic vessel hierarchy. Capillaries should
also establish discontinuous cell-cell junctions for con-
trolled lymphatic capillary permeability (i.e., barrier function)
(Figure 2A).62123] However, once proliferation and migration
are no longer balanced, lymphatic vessel number, density,
size, function, etc. can change to varying degrees of impact.
For example, insufficient vasculature (e.g., low number, size)
results in poor lymph fluid drainage from interstitial tissues.
Drainage is also inhibited if capillary permeability is too high
(low barrier function), because a fluid pressure gradient cannot
form to open the capillary lumen."11 Alternatively, if capil-
lary permeability is too low (high barrier function), fluid cannot
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Figure 2. Schematic describing different modes of lymphatic capillary growth and function that can occur under different microenvironmental condi-
tions or disease states. Effects on LEC proliferation, migration, and subsequent vessel formation are the primary focus. A) Normal lymphatic growth
produces sprouting vessels with balanced LEC proliferation and migration with controlled barrier function. B) Migration outpaces proliferation and
results in disrupted vessel formation and discontinuous vasculature. C) Proliferation outpaces migration and results in vessels with high barrier
function. D) Increased sprouting of vessels (higher density) with low barrier function can occur during early-stage fibrosis. E) Vessel regression and
discontinuous vasculature can occur during late-stage fibrosis. F) Tumor microenvironments can combine chronic fibrosis with continuous biochemical
signaling to produce and maintain abundant vasculature with low barrier function, which allows intravasation and metastasis of cancer cells. (Up and
Down arrows represent increased or decreased activity relative to the normal state). Created with BioRender.com.

enter the capillaries. These permeability changes can result
from an inability to form proper junctions, decreased capacity
to regulate junction integrity, or transformation from button
to zipper junctions. Overall, different factors, including altered
biochemical and biophysical signaling associated with fibrosis,
disrupt homeostasis to produce lymphatic vasculature across
a spectrum of vascular growth, morphologies, and functions
(Figure 2B-F). These variations change with time and depend
on microenvironmental and/or pathological changes and
whether signaling occurs in LECs or stromal cells.

Changes within the tissue microenvironment can result in
either discontinuous lymphatic vasculature or halted vascular
growth (Figure 2B,C) with low and high barrier function,
respectively. In discontinuous vasculature (Figure 2B), LECs
migrate into the tissue but ultimately do not assemble to form
stable vessels with intact cell-cell junctions.*” An in vitro study
identified a role for inflammation in regulating barrier function
when it showed how inflammatory cytokines (e.g., TNF-¢, IL-6,
IL-153, INF-y, LPS) from stromal cells increase LEC cell—cell
permeability, in part by reducing VE-cadherin expression.!!”!
In addition to cell-cell adhesion, barrier function in lymphatic
capillaries is also moderated by actin cytoskeleton activation
and stability in LECs that can be positively affected by the
upregulation of FOXC2 (transcription factor), VE-cadherin, and
Racl (Rho GTPase).>) When considering halted vasculature
(Figure 2C), increases in TGF-f1 secretion during fibrosis cause
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increased ECM stiffness and density due to fibroblast-medi-
ated ECM deposition, which can inhibit lymphatic capillary
growth.[122393] [n addition, LEC migration and capillary growth
can be compromised by high YAP/TAZ expression in LECs
that leads to low expression of Prox1.”] Low Prox1 leads to low
VEGFR3 availability, which decreases VEGF-C/D binding and
may increase VE-cadherin expression (i.e., barrier integrity).[%°]

Abundant lymphatic capillary sprouting beyond what is
considered to be “normal” growth (Figure 2D) can occur in a
number of ways. One of the most common mechanisms for
abundant or hyper-sprouting is increased VEGF-C/VEGFR3
signaling in stromal cells and LECs that increases LEC pro-
liferation and migration. Increased TGF-B1 production in
fibroblasts during fibrosis stimulates VEGE-C secretion from
immune cells to promote lymphatic capillary growth,''8] which
then creates a positive feedback loop as newly formed vascula-
ture recruit more immune cells for paracrine signaling 21191201
Stiffening within the ECM can also activate YAP/TAZ in fibro-
blasts to increase VEGF-C secretion.'®®1%] In LECs, higher
Prox1 expression correlates with increased VEGFR3 expression
and VEGF-C sensitivity to promote LEC proliferation and sub-
sequent capillary growth.””) Higher Prox1 also increases matrix
metalloproteinase (MMP)-14 expression and subsequent ECM
degradation to enhance LEC migration. Barrier function may
also be compromised with hyper-sprouting. For example, in
chronic inflammation, significant lymphatic capillary sprouting
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often occurs, and inflammation in airway lymphatics was
shown to promote button-to-zipper transformation of inter-
cellular junctions in newly formed capillaries.?! Since zipper
functions are tighter than button junctions, the result is
decreased vessel permeability. Hyper-sprouting can also lead
to poorly developed vasculature with very low barrier function
(i-e., leaky vessels) that eventually regresses into discontinuous,
nonfunctional vasculature with few cell-cell adhesions and no
measurable barrier function (Figure 2E).

Low barrier function is also a factor in diseases like cancer
where overactive lymphatic capillary growth results in many
highly permeable lymphatic capillaries that allow an influx of
cells (e.g., metastasizing cancer cells, immune) and macromole-
cules into the leaky vasculature (Figure 2F). Tumors present
unique microenvironments that promote lymphatic capillary
growth in the peritumoral space through sustained pro-lym-
phangiogenic and pro-inflammatory signaling (e.g., VEGF-C,
hypoxia inducible factor (HIF)-1¢2).2-28] We have already estab-
lished that LECs proliferate and migrate when VEGF-C binds
to VEGFR3, but M2 polarized macrophages (pro-fibrotic, anti-
inflammatory) within the tumor microenvironment secrete
even more VEGF-C to increase lymphatic capillary growth.[?!l
Increased binding of VEGF-C to VEGFR3 also decreases VE-
cadherin expression in LECs, which compromises cell-cell
junctions between LECs and increases capillary permeability to
enable metastasis.[®]

As we describe lymphatic vascular outcomes that result
from altered biophysical and biochemical microenvironments,
Table 1 provides an overview of relevant diseases or conditions
with dysregulation that is related to fibrosis. We form general
categories that highlight differential effects of fibrosis on lym-
phatic vascular growth compared to function. Edemas tend to
be associated with impaired drainage and overall loss of lym-
phatic vascular function,?272%] while fibroproliferative diseases
(e.g., pulmonary fibrosis, renal fibrosis, etc.) often experience
excess growth and vascular remodeling.[*1082125] Many tumors,
as described previously, perpetuate a fibrotic microenviron-
ment with biophysical and biochemical changes that not only
promote capillary growth, but also lower barrier function to
allow cells to cross lymphatic capillary walls.26-128] A subset of
these diseases and conditions will be discussed in more detail
in subsequent sections to further emphasize the importance of
understanding changes to lymphatic vascular growth and func-
tion as integrated and separate entities within the context of
fibrosis. Inflammation and immune response also play impor-
tant roles in regulating lymphatic growth and function and
will also be discussed in relation to fibrosis and altered tissue
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microenvironments. Altogether, improved understanding of
relationships and interactions unique to fibrosis and lymphatics
is integral to informing how we design preclinical models of
lymphatic vasculature in disease and develop more effective
therapeutic solutions.

6. Lymphangiogenesis in Fibrotic Tumors and
Kidney Disease

As previously discussed, lymphangiogenesis is connected to
fibrosis, as new lymphatic vessel growth has direct associations
with ECM stiffening and soluble factor signaling (e.g., inflam-
matory) that can have pro- and anti-lymphangiogenic effects.!!!®l
Chronic fibrosis is a risk factor for developing certain cancers,
and the links between fibrosis and lymphatic vessel growth
have been observed in solid tumors that are characterized by a
fibrotic ECM (e.g., breast, pancreatic).[?83%129130 and inflamma-
tion.*131 Within the kidneys, lymphangiogenesis is also closely
linked with inflammation and fibrotic progression (Reviewed
by Donnan et al., 2021).32 As such, inflammation within the
kidney has a significant negative effect on lymphatic vessel
structure and function that exacerbates conditions toward com-
plete renal fibrosis.

In a study of 140 breast cancer patients, Cha et al. correlated
lymphangiogenesis with tumor stiffness, measured by shear-
wave elastography.®”) Tissue sections of fibrotic tissue areas
obtained post-surgery were assessed for lymphatic density
and clinically observed disease progression. Together, analyses
of tissue stiffness, histological samples, and pathological data
revealed that lymphangiogenesis and lymphatic vascular inva-
sion were not only correlated with high tissue stiffness values,
but also with the highest histological grade for observing cell
morphology toward cancer (Grade 3). High tumor cell prolif-
eration was also observed. These findings support the assertion
that fibrosis is a driving factor in lymphangiogenesis in breast
cancer, which in turn aids tumor progression.’” Improved
pancreatic tissue clearing and 3D imaging approaches also
showed that lymphatic vascular networks are closely associated
with pancreatic intraepithelial neoplasia lesions—precursors
to highly fibrotic and invasive pancreatic ductal adenocarci-
noma—in human and mouse samples.3” Once pancreatic
ductal adenocarcinoma progressed, researchers also observed
intra- and peritumoral lymphangiogenesis, indicating that
lymphatic capillary growth and remodeling were closely associ-
ated with tumor progression. This type of growth and remod-
eling is regulated, in part, by signaling within the solid tumor

Table 1. Diseases and conditions associated with fibrosis and dysregulated lymphatic vasculature.

Disease or condition Type of dysregulation Refs.
Lymphedema and ® Abundant nonfunctional lymphatic capillaries unable to drain interstitial fluid [122-125]
myocardial edema ® Accumulated fluid further progresses tissue fibrosis, resulting in further loss of lymphatic capillary function
Fibroproliferative disorders ® Excess lymphatic growth in response to fibrosis can cause organ function disruption (e.g., kidney ultrafiltration) [4,10,82,125]
(renal, pulmonary, liver, dermal) o Aperrant mural cell recruitment causes vascular remodeling of the lymphatic tissue
® |ymphatic vasculature recruits immune cells, aggravating the inflammatory response and further progressing fibrosis
[126-128]

Carcinoma ® Tumors use inflammatory and pro-lymphangiogenic cytokines to maintain a fibrotic environment

® Abundant vasculature with low barrier function allows for metastasis of the carcinoma into the lymphatic system
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microenvironment that sustains inflammatory and fibrotic
conditions to put the tumor in a “non-healing wound” state in
many cancers.*3! For example, continuously activated cancer-
associated fibroblasts produce high amounts of VEGEF-C to
induce lymphangiogenesis and deposit increased amounts of
ECM to sustain fibrosis. This process establishes a hypoxia gra-
dient in multiple cancers® 4 that induces lymphangiogenesis
via interactions between HIF-1¢, and VEGF isoforms, TGF-f,
and Prox1.* Moreover, pro-fibrotic M2 polarized macro-
phages secrete TGF-B, PDGF, and VEGF that can activate
fibroblasts and LECs.*3l Within fibrotic tumor microenviron-
ments, tumor-associated macrophages with pro-fibrotic and
anti-inflammatory M2 phenotype have been associated with
poor prognosis and higher incidence of lymph node metastasis
in lung, pancreatic, and colorectal cancers.3*1¥] In addition,
higher density of peritumoral lymphatic capillaries was also
associated with higher numbers of M2 macrophages compared
to M1 (pro-inflammatory) macrophages.

Fibrosis-related lymphatic vascular growth is also observed
in chronic kidney fibrosis where inflammatory cells play a
key role.?18] Inflammatory cells, specifically CCR7* dendritic
cells, are recruited during lymphangiogenesis to infiltrate sur-
rounding fibrotic tissue, thus accelerating the inflammatory
response and subsequent fibrotic progression. Pei et al. corre-
lated lymphatic vascular growth with the recruitment of CCR7*
dendritic cells by inhibiting lymphangiogenesis with soluble
VEGFR3 and LYVE-1 that competitively attached to VEGF-C and
HA, respectively. This inhibition weakened the CCR7* dendritic
cell response and attenuated chronic kidney fibrosis progres-
sion.[?%l As previously discussed, TGF-f plays an important role
in fibrosis by supporting increased fibroblast-mediated ECM
deposition and promoting lymphangiogenesis via increased
VEGE-C production. In fact, TGF-f in the kidney not only
induces VEGF-C production in proximal tubule cells and col-
lecting tubule cells, but it also stimulates macrophages and peri-
toneal mesothelial cells to produce VEGF-C.M!"113 However, the
relationship between TGF-f and VEGF-C is complex, as TGF-/3
also directly inhibits LEC proliferation and migration by down-
regulating important lymphangiogenic markers (i.e., Proxl,
LYVE-1)."% Macrophages within the kidneys also produce TGF-
S and VEGEF-C/D and play a significant role in promoting lym-
phangiogenesis during inflammation and fibrosis. However,
their activity differs from tumor-associated macrophages in that
the M1 phenotype is more dominant in kidney fibrosis. M1 mac-
rophages have a unique ability to transdifferentiate into LECs
through VEGFR3 activation,3® and a similar phenomenon of
transdifferentiation has also been observed in the cornea with
CD11b* macrophages under inflammatory conditions.!™> Trans-
differentiation of kidney macrophages was observed through
in vitro and in vivo studies.®® In vitro results showed that M1
macrophages were more likely to form tube-like structures in
Matrigel compared to M2 macrophages. Moreover, when M1
and M2 macrophages were injected into mice with fibrotic kid-
neys, M1 macrophages formed cell clusters or small vessel-like
structures within the kidneys, while M2 macrophages were dis-
persed throughout. The same body of work also showed that
VEGF-C exposure induced M0 macrophages to differentiate
into M1 macrophages that expressed lymphatic markers before
further differentiating into LECs.[138]
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Overall, these findings have implications for treatment strat-
egies for tumors and chronic kidney fibrosis as they relate to
lymphangiogenesis. Beyond more traditional approaches for
targeting lymphangiogenesis directly via anti-growth factor
therapies, targeting macrophages or other immune cells (e.g.,
dendritic cells) may also be an effective approach to interrupt
or reverse the effects of fibrosis-associated lymphangiogenesis
that sustains these and other similar disease states.

7. Disrupted Lymphatic Function in Chronic
Fibrosis and Edema

Chronic fibrosis arises when fibrosis progresses to the point
of organ malfunction due to excess scarring, inflammation,
reduced blood flow, and impaired oxygen delivery.®°! Secondary
lymphedema is one example of chronic fibrosis contributing
to decreased numbers of functional lymphatic vessels and low
overall vascular function. The lack of functioning lymphatic vas-
culature causes interstitial fluid stasis within affected limbs that
lead to acute and chronic edema.l??l Fluid stasis also occurs in
myocardial edema in situations when inflammation following
myocardial infarction leads to fibrosis and lymphatic vascular
dysfunction. The inability to drain interstitial fluid perpetuates
fibrosis, which further increases inflammation, alters cardiac
ECM mechanics and stiffness, and leads to cardiac failure.'22
Lymphatic vascular dysfunction has been tied to myocardial
fibrosis in mouse myocardial infarction models?214 and is
also linked to the delayed resolution of fibrotic tissue.[?’!
Disrupted barrier function observed in edema can lead to
a cycle of inflammatory and fibrotic responses that further
disrupts lymphatic vascular function.”® Using a mouse tail
lymphedema model, Avraham et al. demonstrated that initial
acute edema and subsequent fibrotic progression and inflamma-
tion activate and are exacerbated by CD4" T-cells and T-helper 2
(TH2) cell differentiation.”! When TH2 cell differentiation was
inhibited, fibrotic progression decreased, and lymphatic barrier
function improved (increased fluid uptake and drainage). In the
same mouse study, bleomycin-induced fibrosis independently
inhibited lymphatic vascular function (decreased uptake). The
study attributed the development of lymphedema to the initial
disruption of lymphatic function that continued to decline with
increased subcutaneous tissue fibrosis.’!l In myocardial edema,
rapid lymphangiogenesis occurs after injury and fibrosis, pri-
marily due to increased VEGF-C/D expression.?>#¢139 Even
though vessel growth increases, the vessels are extremely per-
meable (low barrier function) to the point where interstitial fluid
cannot generate a sufficient pressure gradient to open the capil-
lary lumens. Fluid stasis in damaged myocardial tissue is likely
due to low-functioning pre-collecting vessels,? decreased
fluid propulsion from reduced cardiac contractility,*"*? and/
or initial lymphatic capillary damage.”>"] One study noted
high lymphatic capillary density in injured myocardial tissue,
but fewer LYVE-1*/podoplanin* lymphatic collecting vessels in
the fibrotic areas of cardiac tissue.l?”! They also attributed myo-
cardial edema, in part, to pre-collecting vessel remodeling in
the fibrotic and non-fibrotic portions of the heart that yielded
smaller vessels and LYVE-1*/podoplanin™ larger sac-like vessels.
Reduced propulsion of lymph fluid through the pre-collecting
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vessels also impacts function. One study used lipopolysaccha-
ride and inflammatory cytokines to elicit an acute inflammatory
response in mice and noted that lymphatic vascular pumping
and propulsion decreased with pro-inflammatory signaling.[*’]
Collectively, these study outcomes demonstrate a larger role for
lymphatic vascular function compared to growth in edemas.
However, the question remains for how lymphatic vessel func-
tion can be restored.

Although VEGF-C is a standard pro-lymphangiogenic treat-
ment to stimulate vessel growth, lymphatic function is not
always restored with VEGF-C stimulation.l?! Instead, treat-
ment with VEGF-C or other pro-lymphangiogenic factors may
actually increase the growth of dysfunctional vessels in situa-
tions where dysfunction is the distinctive pathological feature.
Alternatively, additional signaling factors may alter or hinder
pro-lymphangiogenic effects.’*2l For example, Avraham
et al. showed that blocking TGF-f1 signaling in a mouse tail
lymphedema model reduced fibrosis, lowered inflamma-
tion, improved lymphatic function, and increased lymphangi-
ogenesis.229] Ogino et al. observed contrasting results when
they transplanted adipose-derived stem cells into a hind leg
lymphedema mouse model. Increased TGF-f1 production
stimulated LEC proliferation, increased the number of lym-
phatic vessels, and reduced the severity of the disease.'”] In
both cases, the disease state improved evidenced by reduced
fibrosis severity, reduced lower limb volume, and some degree
of lymphatic growth, yet the intervention strategy differed (inhi-
bition vs stimulation). These differences could be attributed to
the type of lymphedema model—taill?*%% versus hind limbl'?%],
but there were also differences in the timing and duration of
intervention. In the studies from Avraham et al., the TGF-f1
blockade was introduced 24 h before the injury (surgery or
irradiation) occurred.?*?3 Since TGF-f1 signaling is typically
upregulated in fibrosis, applying the treatment before injury
may have had more of a prophylactic effect against the onset
of fibrosis and related inflammatory response in the tail model,
evidenced by decreased expression of inflammatory cytokines—
IL-4 and IL-13—in one of the studies.”?] On the other hand,
Ogino et al. initiated TGF-f1 production via adipose-derived
stem cells 24 h after irradiating the hind limb.['>"! Since tissues
exhibited swelling within 24 h of injury, treatment started after
fibrosis. However, even though tissues without adipose-derived
stem cells showed evidence of fibrosis via type I collagen pro-
duction, there was no increase in TGF-1 mRNA expression
over time. This result was unexpected given that TGF-f1 is
typically upregulated in fibrosis, but since adipose-derived stem
cells secrete factors that suppress inflammation, they may have
inhibited TGF-f1 production from resident immune cell popu-
lations. Adipose-derived stem cells also secrete many pro-lym-
phangiogenic factors such as FGF and hepatocyte growth factor
(HGF), which likely explains why functional lymphatic vessels
still grew even though VEGE-C expression was suppressed in
groups with adipose-derived stem cells. Overall, these results
highlight some of the nuances of lymphangiogenesis and
related signaling, particularly the dual nature of TGF-f3 activity
in lymphangiogenesis. Moreover, study outcomes highlight the
complex connection between fibrosis and lymphatic growth
and function and the potential importance of timing in consid-
ering therapeutic intervention.
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8. Growth versus Function in Early and Late-Stage
Disease

As fibrosis progresses toward a long-term chronic stage, the
effects of the altered ECM and biochemical microenviron-
ment impact lymphatic vascular growth and maintenance over
time. It is important to understand the temporal nature of lym-
phatic vascular growth and function during fibrotic progression
because the corresponding pathophysiological changes can dic-
tate the choice of treatment and corresponding treatment effi-
cacy. Furthermore, as we identify specific pathological features
that separately relate to growth and function to predict disease
progression and severity, the following question arises: “Can a
disease hallmarked by lymphatic vascular dysfunction be predicted
by rapid and excessive lymphatic vessel growth?”

Ogata et al. found that excessive lymphangiogenesis
occurred during the early stages of induced lymphedema in a
mouse abdominal model.B3 Researchers visualized new vas-
cular growth and excess LECs in the tissues surrounding the
existing collecting lymphatic vasculature, suggesting that LEC
invasion into tissues is a precursor for initiating lymphangi-
ogenesis. A similar result was observed in human lymphe-
dematous tissue that also showed robust networks of lymphatic
capillaries surrounding the collecting lymphatic vasculature.3!
Overall increases in early lymphangiogenesis in these studies
were tied to CD4" T cell, T-helper 1 cell (TH1), and T-helper 17
cell (TH17) activation, and lymphangiogenesis decreased when
those T cell populations were suppressed. Furthermore, Ogata
et al. found that the rapid growth of new lymphatic vasculature
was predictive of lymphedema development, and suppressing
T-helper cell activation decreased both lymphedema and fibrotic
progression. Their observations?! aligned with results from
a previously described study by Avraham et al.,! but the two
studies presented different explanations for their observations
and focused on different outcomes (growth vs function).[’3U
While the main conclusion from Avraham et al. was that sup-
pression of CD4% cells from early onset lymphangiogenesis
and subsequent suppression of the fibrotic and inflammatory
responses were primarily responsible for restoring lymphatic
function,?) Ogata et al. noted that CD4" cells interacted with
lesional macrophages to promote lymphangiogenesis.?!l Fur-
thermore, suppressing VEGF-C, which usually reduces vascular
growth, significantly reduced edematous tissue in the Ogata
study. This result suggests that the pathological lymphangi-
ogenesis they observed was responsible, in part, for lymphatic
dysfunction (poor drainage) despite vascular growth.®3]

Researchers must remember that growth does not equal
function and that more lymphatic vascular growth is not
always advantageous, especially if the newly formed vessels
are not functional. Moreover, resolving vascular insufficiency
by targeting either growth or function may be dependent
on the stage of disease progression. A key component of the
findings from Ogata et al. was the high permeability of newly
formed vasculature.?!! As early as the second day of their
study, excessive leakage of Evans blue dye from lymphatic
vessels was observed, especially around the newly formed
vessels. Suppressing VEGF-C reduced dye leakage and sig-
nificantly suppressed fibrotic development within the tissue.
The authors also acknowledged previous work in which
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promoting lymphangiogenesis was therapeutically advanta-
geous for treating secondary lymphedema and other inflamma-
tory pathologies, specifically by resolving acute inflammation
earlier in the process prior to restoringlymphatic vascular func-
tion."1%] They also hypothesized that the involvement of TH1
and TH17 cells may be responsible for the acute inflammatory
and early lymphangiogenic responses, whereas TH2 cells may
be responsible for suppressing lymphatic vessel function and
maturation in later stages.®’l However, questions remain con-
cerning the proposed T-helper cell involvement, and there has
been limited follow-up on this work, to our knowledge. Also,
Ogata et al. made a point to distinguish lymphangiogenesis
from lymphatic vascular function, which highlights the impor-
tance of using specific language when discussing lymphangi-
ogenesis and lymphatic vascular function. Consistent, accurate,
and intentional terminology will allow for more nuanced dis-
cussions around the transition from early to late-stage fibrotic
disease states and how researchers can effectively target growth
and function for improved therapeutic efficacy.

9. Tissue Engineered Models of Lymphatic
Vasculature

Most of the studies discussed up to this point were performed
in rodent models that allow researchers to assess the systemic
response to changes in fibrosis, lymphangiogenesis, lymphatic
vascular function, or immune cell response.?"?33193 Animal
models can also be used to study the stages of lymphatic vessel
growth and related vessel function during disease initiation
and progression. However, there is a need to establish similarly
descriptive in vitro humanized models of fibrosis in varied dis-
ease states in which lymphangiogenesis and lymphatic vascular
function can be studied systematically. Beyond gaining fun-
damental knowledge of relevant mechanisms that drive lym-
phatic vascular growth and function under fibrotic conditions,
specific details of progressive fibrotic diseases and conditions
need to be clarified to properly derive therapeutic strategies
toward curative solutions. Researchers are using tissue engi-
neering and microfabrication approaches (Figure 3) to model
key features of lymphatic vasculature and the surrounding
microenvironment in vitro to study specific mechanisms that
regulate lymphangiogenesis, recapitulate certain disease states
with lymphatic insufficiencies, and screen potential therapeutic
strategies. Although tissue engineering is traditionally associ-
ated with tissue or organ regeneration, it lends itself well to
tissue modeling as a means for studying tissue function and
disease. Others have recently provided reviews on lymphatic
tissue engineering as it relates to modeling and lymphatic
regeneration (Reviewed™®¥)). For the current review, we
have chosen to provide a general overview of lymphatic tissue
engineering strategies before focusing on approaches that
are more aligned with modeling lymphatic growth and func-
tion alongside features of fibrosis (e.g., microfluidics, ECM
stiffness).

Tissue-engineered in vitro models have the advantage of
being able to integrate biophysical, biomechanical, and/or
biochemical cues for independent systematic study that is
more robust than conventional 2D in vitro models on tissue
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culture plastic (Figure 3A) that do not have any tissue- or
disease-specific features beyond soluble factor signaling. One
common tissue engineering-based approach involves 3D hydro-
gels that can support LEC spheroids (Figure 3B) to monitor
lymphatic sprouting over time as an indicator of lymphangi-
ogenic activity.*1°01 Alternatively, cells—LECs and stromal
cells—can be encapsulated and distributed throughout 3D
hydrogels, which may result in LECs forming tube-like or
capillary-like structures. Encapsulated cells can also be evalu-
ated on their migratory behavior through a 3D hydrogel that
mimics an interstitial ECM or assessed for phenotypic changes
in response to altered ECM properties. When LECs are cultured
on top of a 3D hydrogel, they can still sense ECM properties
and often have similar measured outcomes as seen in encapsu-
lated samples.'*#1151 One limitation of the 3D hydrogel-based
model for lymphatic vasculature is that it is a static model that
lacks dynamic elements observed in lymphatic vasculature in
vivo, namely biomechanical inputs such as fluid shear, pres-
sure, and stretch. To address this limitation, researchers use
microfluidic devices (Figure 3C) of varied designs with multiple
channels, compartments, inlets, and outlets to not only apply
various biomechanical inputs to the system, but also estab-
lish chemokine/soluble factor gradients to promote lymphatic
sprouting from LEC-lined channels into an interstitial matrix
(Figure 3D,E).

9.1. Microfluidic-Based Approaches for Modeling Lymphatic
Vasculature

Microfluidic chip technologies that support 3D hydrogel cul-
tures have been developed extensively for studying angiogen-
esis for blood vessel research (Reviewed2%>4). More recently,
they have been adapted for studying lymphangiogenesis with
passive or active fluid flow to observe the LEC response to
fluid shear stress and subsequent migration and lymphangi-
ogenic sprouting into the hydrogel."®1521>5] To recapitulate
lymphangiogenic growth from an existing lymphatic vessel
into a surrounding ECM, microfluidic devices can be designed
with two channels separated by an ECM barrier. One channel
is seeded with LECs, and the second channel is used to estab-
lish a chemokine gradient that diffuses across the ECM (i.e.,
hydrogel) to drive lymphangiogenic sprouting into the ECM.
The chemokine gradient is particularly important because
soluble factors help drive proliferation, migration, and even-
tual lymphangiogenesis. Potent pro-lymphangiogenic growth
factors such as VEGF-C, basic FGF, and HGF are well estab-
lished; however, unknown soluble factors produced by activated
fibroblasts or other stromal cell populations also drive lym-
phangiogenesis. For example, conditioned medium from adi-
pose-derived stem cells induced lymphatic vascular growth in
a microfluidic model of lymphedema.'>®l The concentrations of
lymphangiogenic growth factors within the conditioned media
were much lower than the concentrations of recombinant pro-
teins used to produce similar amounts of LEC proliferation,
migration, tube formation, and sprouting, which highlighted
the role of stromal adipose tissue surrounding lymphatic ves-
sels in regulating lymphatic vascular growth. Nonetheless,
vessel function was not evaluated.
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Figure 3. Increasing complexity of in vitro models of lymphatic vascular growth is shown. A) 2D LEC growth on tissue culture plastic or similar sub-
strates use proliferation as an indicator of vascular growth. B) 3D spheroid culture, utilizes both proliferation and vascular sprouting as indicators of
vascular growth. C,D) 3D microfluidic chip models, allows for measurement of proliferation, sprouting morphogenesis, barrier function, and vascular
perfusion and persistence. E) Detailed illustration of the progression of vascular sprouting from a central lymphatic vessel within a microfluidic device

with established chemokine gradients. Created with BioRender.com.

Interstitial flow is an important biomechanical cue related
to lymph fluid flow, and it changes over time as fibrosis
progresses due to changes in ECM biophysical properties (e.g.,
fiber density, porosity).'] With fibrosis, interstitial fluid pres-
sure increases and flows away from the increasingly stiff and
protein-dense microenvironment. Microfluidic devices have
been adapted to include interstitial flow parallel to the growth
direction of the lymphatic vasculature by establishing a pres-
sure differential. The mechanical stress imparted by this inter-
stitial fluid flow helps regulate lymphangiogenic processes.
A study by Kim et al. showed that there is a pro-lymphangio-
genic response when the interstitial flow is against the direc-
tion of vascular growth and suppressed when flow is in the
direction of growth.’”l However, since those vessels grew
within a soft fibrin gel (=1 kPa), the microenvironment was
not reflective of ECM stiffness levels observed within a fibrotic
microenvironment. This stiffness gap limits the model’s
utility to function as a fibrotic disease model and lacks any
dynamic fibrotic elements beyond altered interstitial flow
patterns.

Adbv. Biology 2023, 7, 2200158 2200158 (11 0f17)

9.2. ECM Stiffness and Lymphatic Vasculature

Over the last few years, there has been increasing interest in
investigating the role of ECM stiffness in driving certain lym-
phatic vessel behaviors. Material-based tissue engineering
approaches that use biomaterials at varied ECM stiffness values
have provided opportunities to study the direct impact of stift-
ness on LECs and lymphatic vessels. However, a search for
research articles that directly address ECM stiffness and lym-
phatic vasculature only returns a handful of search results.
Some recent studies have shown that ECM stiffness drives spe-
cific steps in early lymphangiogenesis that are primarily associ-
ated with fetal development. Frye et al. cultured human dermal
LECs on fibronectin-coated dishes to create soft substrates of
similar stiffness to early chicken embryos or adult brain tissue
(0.2 kPa).l%4 Stiffer substrates mimicked the stiffness of the
cardinal vein (4 kPa), the source of lymphatic endothelial pro-
genitor cells during development, and the stiffest substrates
were more representative of muscle (8 and 12 kPa) and bone
(25 kPa). The study noted over 2500 transcriptional changes in
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LECs on soft substrates compared to stiff substrates and found
that cell migration, cell-matrix adhesion, and vascular develop-
ment-related genes were upregulated on soft substrates, while
cell proliferation-related genes were downregulated. GATA2
transcription, which is upregulated in response to oscillatory
flow and helps regulate lymphatic valve formation'%! was
upregulated in LECs cultured on soft substrates (0.2-0.3 kPa).
Genes for matrix metalloproteinases 1, 2, and 10, which are pos-
itive regulators of lymphangiogenesis, were also upregulated
on soft substrates, in addition to GATA2-dependent genes asso-
ciated with locomotion, motility, and migration.*

More recently, Alderfer et al. used hydrogels comprised of
thiol-modified HA conjugated with heparin, thiol-modified
gelatin, and varied ratios of polyethylene glycol diacrylate to
generate soft (30 Pa), medium (300 Pa), and firm (900 Pa) sub-
strates for LECs.'"”] They demonstrated how LECs cultured
on softer matrices readily formed cord-like structures when
exposed to high VEGF-C concentrations (50 ng mL™) com-
pared to stiffer matrices. Their approach also allowed them to
see that matrix stiffness appeared to be a major factor directing
VEGFR3 activation independent of VEGF-C concentration.
Both activation of VEGFR3 and expression of Proxl were
enhanced on softer matrices, as were genes for matrix metallo-
proteinases 2 and 14 that are involved in cell migration and tube
formation. Altogether, these molecules, along with those iden-
tified in Frye et al., are involved in multiple elements of lym-
phangiogenesis, including cell migration, lymphatic sprouting,
and vessel growth.'™ Moreover, the observed decrease in lym-
phangiogenic behaviors in LECs cultured on stiffer substrates
and overall preference for softer substrates in both studies may
provide some evidence to support that ECM stiffness increases
caused by fibrosis are inhibitory to lymphatic vascular function.

By altering stiffness independent of substrate composi-
tion, researchers tuned substrate stiffness while maintaining
ligand density. By limiting the influence of confounding fac-
tors, researchers like Frye and Alderfer have started to establish
links between ECM stiffness, mechanosensing molecules, and
capillary tube formation.°21%7] However, the studies were more
focused on developmental lymphangiogenesis rather than late-
stage lymphangiogenesis that occurs in injury and disease. The
hydrogel formulation used by Alderfer et al. achieved stiffness
values similar to tissues surrounding the cardinal veins during
embryonic development,'”’l while Frye et al. used a wide range
of stiffness values that also included stiffer mature tissues.!'%
Despite having the ability to achieve higher stiffness values,
the latter study’s primary goal was still to study developmental
lymphangiogenesis. Thus, there is an opportunity to use these
and other tissue engineering approaches to broaden this area of
research beyond these few stiffness studies.

10. Future Directions and Opportunities

Overall, this review of lymphatic vascular biology within the
context of fibrosis highlights important relationships between
fibrotic microenvironments, lymphangiogenesis, and lymphatic
function. Yet, gaps in knowledge surrounding fibrosis and lym-
phatics remain, particularly when considering how dependent
lymphatic vascular outcomes are on the dynamic biochemical,
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biomechanical, and biophysical microenvironments that occur
with fibrosis. Gaps in fundamental understanding also persist
when experimental models lack the full capacity to systemati-
cally study temporal changes in microenvironmental features
and approximate fibrotic disease states. In vitro modeling and
tissue engineering offer opportunities to study key interactions
in a more systematic way compared to animal models, and
progress has been made to design and develop more complex
and pathophysiologically relevant in vitro models of lymphatic
vasculature. However, the field still lacks comprehensive mod-
eling of lymphatic vascular growth and function within fibrotic
disease environments that combine microenvironmental fea-
tures that reflect multiple elements of fibrosis, including ECM
stiffness and key temporal changes in microenvironmental fea-
tures. Also, even though there are some tissue-engineered in
vitro models of lymphangiogenesis that are designed to reflect
aspects of different fibrotic diseases, 15615 to our knowledge
there is no model that has been predictive of what is observed
in vivo. This mismatch of outcomes is directly related to lim-
ited therapeutic strategies that are available to patients beyond
symptom management. Patients need curative options, and
although it may seem challenging, the fields of lymphatic vas-
cular biology and tissue engineering have numerous opportu-
nities to be leaders in enhancing in vitro model development
and improving restorative strategies for lymphatic vasculature.
Although tissue engineering strategies can also be used for
regeneration to restore lymph nodes and lymphatic vessels, that
research is beyond the scope of this review article and has been
reviewed by others.[146:160]

From the tissue engineering perspective, this review pri-
marily focuses on how researchers use hydrogel- and micro-
fluidic-based in vitro models to gain insights into biochemical,
biomechanical, and biophysical factors that influence lym-
phangiogenesis.M®1%617] [ymphatic research has traditionally
focused on the impacts of fluid flow, cyclic stretch, and intersti-
tial pressure on lymphatic vascular outcomes.>11162] However,
increased emphasis has been placed on studying biochemical
signaling that arises from physical and paracrine interactions
with stromal cell populations with and without interstitial flow.
One such study found that renal tubular activated fibroblasts,
which are present in kidney disease, produced sonic hedgehog
(soluble factor) that increased proliferation in LECs but not
blood endothelial cells in vitro and in vivo (animal model).['>*!
Similarly, adipose-derived stem cells also promote vascular
growth in lymphedema and dermal fibrosis models, > and
other studies have identified roles for T-helper cells.?3!l These
results support evidence that activated stromal cells in fibrotic
diseases help promote lymphatic vessel growth. However, broad
studies across diseases are limited, and much of the work has
been performed in vivo animal models rather than in human-
ized in vitro models. Expanded studies and in vitro models that
incorporate disease-specific stromal populations are needed,
especially those that investigate the roles of immune cells
beyond T-helper cells, such as macrophages.!*® Moreover, most
studies do not consider stiffness as an experimental variable
to explicitly investigate the impact of in vivo tissue stiffness
changes, and the in vitro models do not use pathophysiological
stiffness values, despite evidence that stiffness is an important
mechanical cue and regulator of lymphatic growth.[30:104107]
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More recent studies that focus on the role of ECM stiffness
in directing lymphangiogenesis under developmental condi-
tions represent a new generation of lymphatic vascular studies
that significantly benefit from tissue engineering approaches
and perspectives.l107] Yet, these stiffness studies are few,
and like many others, stop short of fully recapitulating fibrotic
tissue characteristics in vitro. Studies often use Matrigel, which
is softer than many healthy tissues, or they use tissue culture
plastic, which is stiffer than most diseased tissues. However,
there are numerous natural and synthetic biomaterials that can
be used to modulate the lymphatic system in vitro (Reviewed
by Alderfer et al. 2021).138 The stiffness of many of those bio-
materials can be tuned to have stiffness values that are more
aligned with healthy tissues in development,'°1 while other
materials may need to undergo certain modifications to achieve
higher stiffness values that represent diseased tissues experi-
encing fibrosis. Moreover, in vitro model designs that include
ECM stiffness as a key variable present LECs with static ECM
stiffness that does not mimic the progressive nature of ECM
stiffening over time during fibrosis. We hypothesize that these
oversights may contribute, in part, to the observed mismatch
between in vitro results and in vivo outcomes, particularly
since the temporal nature of fibrosis and related inflamma-
tion have been implicated in the timing and success of treat-
ments of lymphatic insufficiencies. Therefore, there is a need
for models that include a wider range of dynamic components
to better recapitulate the progressive nature of fibrosis, which
includes biophysical and biochemical changes over time. A
dynamic model could include a matrix component with tem-
poral stiffening capabilities or microfluidic chips that support
interstitial flow and soluble factor gradients through a 3D ECM.
These designs can be adapted to examine questions specific to
lymphangiogenesis, such as how progressive stiffening impacts
LEC response to well-characterized chemokines (e.g., VEGF-C,
TGF-p) and chemokines produced by stromal and tumor cell
populations, as well as subsequent vascular growth/sprouting
and vessel maturation.

There are additional opportunities to design models or
develop strategies that enable straightforward measurements
of vessel barrier function and perfusability independent of
lymphatic vessel growth. The ability to study lymphatic vessel
function and fibrosis in the same model is of high importance
since the biochemical and biophysical environment of fibrotic
tissues plays a significant role in regulating vessel function.
Although transwell inserts with and without an ECM layer
have been used to study transport across 2D monolayers of
LECs, 190163 the format cannot account for transport across
the walls of intact vasculature within a 3D matrix. To move the
field forward, lymphatic biology has taken a cue from blood
vessel studies where barrier function has been examined using
microfluidic chips with a hydrogel.">1%l In one study, a single
microchannel was created within a type I collagen hydrogel on
a microfluidic chip, and human dermal LECs lined the micro-
channel to generate a central or primary lymphatic vessel. Fluo-
rescently labeled dextran was added to the cell culture medium,
and changes in fluorescence intensity across the central vessel
wall were monitored to calculate lymphatic permeability.'"!
The researchers also added fibronectin to the collagen to study
the impact of ECM composition on vessel permeability and
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determined that the presence of fibronectin and/or o5 integrin
activation tightened LEC junctions and lowered vessel perme-
ability. Although this approach shares some similarities with
more traditional transwell migration studies, the presence
of microchannels within a 3D hydrogel expands the research
questions that can be asked with microfluidic chips, particu-
larly those that involve more dynamic elements such as laminar
flow (active) and interstitial flow (active or passive). Hydrogels
can also be seeded with stromal cells, disease-specific cells, or
macromolecules to study the impact of cell-ECM and cell—cell
interactions (direct or indirect) on lymphatic vessel growth and
function. Moreover, as microfluidic chip designs are updated
to include additional channels that support chemokine gra-
dients or additional central LEC vessels, capillary-like vessel
sprouting will occur, much like what is observed in blood
vessel-on-a-chip studies. Therefore, it will also be important
to extend function testing to those sprouting lymphatic ves-
sels as small molecules flow through the primary vessels (i.e.,
LEC-lined microchannels). Overall, functional assessment of
barrier function and perfusability is still a newer area of study
for lymphatic studies compared to blood vessels,!'*l especially
when we consider that barrier function is rarely addressed in
the lymphatic vessels that sprout from a primary vessel into a
surrounding ECM. The gaps widen even more when wanting
to study the impact of fibrosis and fibrotic progression on lym-
phatic capillary function. Without fully considering barrier
function alongside lymphangiogenesis when studying fibrosis
and disease, the field puts itself at a significant disadvantage
in the pursuit of new and effective treatment strategies for
patients.

11. Concluding Remarks

Overall, this review has some key takeaways related to the bio-
logical understanding of lymphatic vasculature under fibrotic
conditions:

First, fibrosis is a progressive process that occurs in
numerous conditions and diseases that also involve lym-
phatics, and depending on the pathological state, fibrosis can
enhance or inhibit lymphatic vascular growth and function.
Current therapeutic strategies for targeting fibrosis or directly
targeting lymphatic vasculature have limited efficacy, due
in large part to incomplete understanding of the biology of
fibrosis-mediated responses observed in lymphatics. Therefore,
we must be more intentional and utilize dynamic models that
can replicate progressive changes in the tissue microenviron-
ment over time to better inform the development of targeted
therapeutics.

Second, the distinction between lymphangiogenesis and
lymphatic vascular function as measures of lymphatic vascular
health also needs to be specified and better understood in the
context of microenvironmental changes within the surrounding
tissue. In general, biochemical cues related to fibrosis appear
to induce lymphatic vascular growth, while biophysical cues
observed in fibrosis (i.e., stiffness) appear to negatively impact
lymphatic vascular function.[122123.243193107] The combination
of increased growth and decreased function can often result
in more traditional pathological lymphangiogenesis with leaky
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vasculature and subsequent fibrosis creating a positive feed-
back loop to perpetuate the pathology.!!32]

Finally, the study of lymphatic tissue engineering is a bud-
ding scientific field, as more research reveals that the lymphatic
system is not just a passive highway for the immune system
and improved understanding of lymphatic vascular biology is
needed. Animal models have been successful in studying sys-
temic body responses to fibrosis-induced lymphangiogenesis
and lymphatic vessel dysfunction, but there is a place for in
vitro models when studying individual contributions of spe-
cific variables and systematic interactions between variables.
Current in vitro models of lymphatic vasculature, specifically
models that are applied toward lymphatics in fibrotic disease,
do not often include both growth and function as measured
outcomes. Most current models focus solely on lymphatic vas-
cular growth, or even just LEC proliferation and migration as
proxies for vascular growth. Although these models produce
useful information and have helped advance the field, they
still do not tell the complete story. Furthermore, elements of
fibrosis, such as critical biophysical cues (e.g., ECM stiffness)
and the temporal change in biophysical and biochemical sign-
aling, have largely been left out of these models with a few
exceptions.

Overall, while lymphatic research has seen a resurgence in
recent years, there is still much work to be done. We believe
that fibrosis and lymphangiogenesis research needs to con-
tinue to adopt more comprehensive perspectives on lymphatic
vascular biology to appropriately address knowledge gaps sur-
rounding fibrosis-related lymphatic capillary growth and func-
tion in disease progression. As researchers continue to increase
the complexity of preclinical models, particularly in vitro sys-
tems, they will be better equipped to fully investigate the lym-
phatic system. Moreover, an improved understanding of lym-
phatic vascular biology resulting from better model designs
will help resolve the discrepancies in outcomes between in
vitro and in vivo models and advance the development of
more effective therapeutic options for patients with lymphatic
insufficiencies.
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