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BACKGROUND: Blood and lymphatic vessel net-
works form two arms of the vertebrate cardio-
vascular system that play complementary roles
in body homeostasis maintenance and multiple
diseases. Lymphatic vessels are lined with lym-
phatic endothelial cells (LECs), which represent
a distinct endothelial cell lineage characterized
by a specific transcriptional andmetabolic pro-
gram. The general functions of lymphatic ves-
sels in fluid transport and immunosurveillance
arewell recognized, as is their specialization into
capillaries, serving as an entrance point of inter-
stitial components and immune cells and col-
lecting vessels that deliver lymph to lymph nodes
(LNs) and blood circulation. It is becoming in-
creasingly clear that adult lymphatic vessels, ex-
posed to different organ-specific environments,
acquire distinct characteristics and in turn exe-
cute multiple tissue-specific functions.

ADVANCES: This Review provides an overview
of the recent advances in our understanding of
new functions of adult mammalian lymphatic

vessels, such as immunomodulation, contribu-
tion to neurodegenerative and neuroinflam-
matory diseases, and response to anticancer
therapies. LNLECs have been shown to archive
antigens and directly regulate immune cell
properties, including immune cell survival
and positioning within the LN. Rediscovery
of meningeal lymphatic vessels has uprooted
the dogma of brain immune privilege, and
these vessels now emerge as key regulators of
neuroinflammation and neurodegeneration.
Intestinal lacteals display distinct cellular char-
acteristics that make them especially suitable
for dietary fat uptake and designate them as
promising targets for the treatment of obesity.
Tumor lymphatics have long been recognized
as conduits for metastatic cell dissemination;
however, recent data show that lymphatic ves-
sels have multiple additional functions, such
as forming metastatic cancer cell niches but
also controlling productive response to anti-
tumor immune therapies. Last, discovery of
vascular beds with hybrid blood and lym-

phatic characteristics, such as the Schlemm’s
canal in the eye and the kidney ascending vasa
recta, underscores the degree and potential of
endothelial cell plasticity.

OUTLOOK: Molecular characteristics of organ-
specific vascular beds and understanding their
organotypic functions are among the current
fundamental questions of vascular biology.
Emerging evidence points to the major contri-
bution of lymphatic vessels, a vascular system
generally associated only with tissue-drainage
functions. High-resolution analyses of endo-

thelial heterogeneity and
organotypic lymphatic ves-
sel architecture, in addition
to deciphering themolec-
ular codes that LECs use
for communication with
other cell types, are nec-

essary to fully understand the role of lymphatics
in organ physiology and pathology. Integration
of such knowledge with research from other
fields, such as immunology and bioengineer-
ing, will uncover newpossibilities for promoting
tissue regeneration and developing new thera-
pies for cancer, obesity, neuroinflammation, and
neurodegeneration.▪
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Organ-specific lymphatic vessels in small intestine, meninges, and LN. (Left) Small intestine. Shown are LYVE-1+ (green) lacteal, CD31+(red) capillary plexus,
and a-smooth actin+ (blue) longitudinal smooth muscle cells. (Middle) Meninges. Shown are LYVE-1+ (green) and VEGFR3+ (blue) lymphatic vessels and CD31+ (red)
blood vessels. (Right) LN. Shown are LYVE-1+ (green) lymphatic vessels and CD31+(red) blood vessels, including high endothelial venules.IM
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The general functions of lymphatic vessels in fluid transport and immunosurveillance are well
recognized. However, accumulating evidence indicates that lymphatic vessels play active and versatile
roles in a tissue- and organ-specific manner during homeostasis and in multiple disease processes. This
Review discusses recent advances to understand previously unidentified functions of adult mammalian
lymphatic vessels, including immunosurveillance and immunomodulation upon pathogen invasion,
transport of dietary fat, drainage of cerebrospinal fluid and aqueous humor, possible contributions
toward neurodegenerative and neuroinflammatory diseases, and response to anticancer therapies.

T
he lymphatic vascular network is a low-
pressure, unidirectional flow system that
is present in vertebrates in virtually every
organ of the body. In physiological con-
ditions, itsmain functions are the removal

of interstitial fluid (ISF) formed by blood cap-
illary filtrates and tissue immunosurveillance.
Lymphatic vessels are lined with lymphatic
endothelial cells (LECs), a distinct endothelial
cell lineage characterized by specific transcrip-
tional and metabolic programs (1–4). All LECs
express the homeobox transcription factor
prospero-related homeobox 1 (PROX1) and
receptor tyrosine kinase vascular endothelial
growth factor (VEGF) receptor–3 (VEGFR-3).
In addition, the majority of LECs express the
membrane glycoprotein podoplanin. VEGFR-3
and its secreted ligand, VEGF-C, are the main
drivers of developmental and pathological
lymphangiogenesis (2). The sources of VEGF-C
vary depending on tissue and developmental
stage and include vascular and visceral smooth
muscle cells, fibroblasts, blood endothelial cells,
macrophages, and tumor cells (2, 5–7). Proteo-
lytic processing of VEGF-C, which generates
a ligand capable of activating VEGFR-3, is a
key step in the lymphangiogenic process. This
processing requires the extracellular protein
CCBE1 (collagen and calcium-binding EGF
domain-containing protein 1) and the metal-
loprotease Adamts3 (ADAM metallopeptidase
with thrombospondin type 1 motif 3) during
development (8), but other proteases can par-
ticipate in adult and diseased tissues (9).
Blind-ended, highly branched lymphatic cap-

illaries take up ISF and serve as entrance points

for immune cells (Fig. 1A). Lymph is then trans-
ported by collecting vessels to the lymph nodes
(LNs) and returned to blood circulation through
the connection of major lymphatic ducts with
veins. Capillary lymphatic vessels have a thin
basement membrane and no supportingmural
cells. Their oak leaf–shaped endothelial cells
are connected by discontinuous junctions
(termed “buttons”), which increases perme-
ability and facilitates the uptake of interstitial
components and the transmigration of immune
cells. Endothelial cells in collecting vessels are
elongated and connected by continuous cell–
cell junctions (termed “zippers”) (10). Contract-
ile lymphatic smoothmuscle cells (LSMCs) and
a prominent basement membrane surround
these collecting vessels, so that this vessel type
has decreasedpermeability. LSMCcontractions,
compression of surrounding skeletal muscle,
and arterial pulsations drive lymph propulsion.
Intraluminal lymphatic valves in collecting ves-
sels and lymphovenous valves at lymphaticove-
nous junctions prevent retrograde lymph and
blood reflux. Macrophages and dendritic cells
(DCs), which frequently occur in association
with the lymphatic vasculature, provide factors
that regulate lymphatic endothelial proliferation
and permeability (11–14). During inflammation,
T helper 2 (TH2) T cell–derived cytokines inhibit
lymphangiogenesis, whereas regulatory T cells
(Treg cells) promote lymphatic vascular repair
(Fig. 1B) (15, 16).
Duringmammalian embryonic development,

transdifferentiation of venous precursors pro-
duces a major population of LECs that give rise
to cardiopulmonary, hepatic, meningeal, and
dermal lymphatic vessels (1, 17). Nonvenous
progenitors substantially supplement dermal
lymphatic vessels (18), whereas hemogenic en-
dothelium contributes to intestinal lymphatic
vessels (19). The transcription factor PROX1
pays a major role in establishing and main-
taining the lymphatic endothelial transcription
program (1, 20). The initiation of lymphatic
vascular development corresponds to the need
for fluid drainage. In this process, mechanical

tissue stretch sensed by integrin b1 in LECs co-
operates with biochemical VEGF-C/VEGFR-3
signaling to promote LECproliferation (21, 22).
Specialization of the collecting lymphatic ves-
sels occurs late during gestation and is ini-
tiated in response to increased lymph flow. It
comprises capillary pruning, intraluminal valve
formation, and LSMC recruitment (23, 24). Mo-
lecularly, collecting vessel LECs have reduced
or absent expression of molecules involved in
lymphangiogenesis and immune cell traffick-
ing, such as VEGFR-3, chemokine (C-C motif)
ligand 21 (CCL21), and lymphatic vessel endo-
thelial hyaluronan receptor 1 (LYVE1).However,
they produce the mechanosensitive transcrip-
tion factors forkhead box C2 (FOXC2) and
GATA-binding protein 2 (GATA2),which shows
especially prominent expression in lymphatic
valves (Fig. 1C) (23, 25–27). Similar to blood
vessels, platelet-derived growth factor–B (PDGF-B)/
PDGF receptor b (PDGFRb) signaling is nec-
essary for LSMC recruitment (28).
A considerable body of knowledge has accu-

mulated about the general molecular mecha-
nisms that regulate lymphatic development and
function (2, 29, 30). It has become increasingly
clear that adult lymphatic vessels, which are
exposed to different organ-specific environ-
ments, acquire distinct characteristics and
in turn execute multiple tissue-specific func-
tions (31–33). These newly understood biolog-
ical functions of mammalian lymphatics are
the subject of this Review.

The role of LN lymphatic vessels in
coordinating immune responses

Peripheral lymphatic vessels transport antigens
and immune cells to draining LNs, fostering
immune response or tolerance (Fig. 2). LNs are
strategically positioned throughout the body,
having formed during embryogenesis in pre-
determined locations. Although lymphatic ves-
sels are closely associated with the developing
LN anlagen, they are dispensable for initial
extravasation of lymphoid tissue inducer cells
fromblood vessels (34–36). However, lymphatic
vessels play a crucial role in LN expansion by
transporting additional lymphoid tissue inducer
cells from the periphery to the site of LN de-
velopment (36, 37). Interstitial flow generated
by perinodal lymphatics potentiates stromal
production of the chemokine CXC ligand 13
(CXCL13), which is important for retention of
lymphoid tissue inducer cells (36). Accord-
ingly, either loss of lymphatic vessel transport
function through inactivation of the transcrip-
tion factor FOXC2 or blockade of embryonic
lymphangiogenesis impairs embryonic LN
development (35, 36). LN development is in-
terrupted in mice with lymphatic endothelial–
specific inactivation of lymphotoxin-b receptor
(LTbR) and especially with the loss of receptor
activator of nuclear factor kB (NF-kB) (RANK)
(also known as TNFRSF11a) (37, 38), although
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the underlying mechanisms remain to be
clarified.
LNs are highly compartmentalized, with

discrete niches for T and B cells. LECs from
different LN regions are molecularly distinct
and perform multiple specialized functions
(39–42). DC migration into peripheral lym-
phatics relies on LEC-derived CCL21 gradients,
whereas CCL21 is produced mostly by fibro-
blastic reticular cells within the LN (41). LECs
lining the lymph sinus “ceiling,” the external
lymphatic vascular layer of the LN, express high
levels of CCRL1, a decoy receptor for CCL21.
This arrangement creates a CCL21 gradient
for facilitating migration of DCs into the LN
medulla (43). Plasmalemma vesicle–associated
protein (PLVAP), normally restricted to fenes-
trated blood endothelial cells, is also expressed
by subcapsular sinus (SCS) LECs. In these
cells, PLVAP forms molecular “sieves” or
diaphragms covering transendothelial chan-
nels, which prevents the passage of larger
solutes into follicular reticular cell conduits
(44). SCS LECs also express the lymphocyte
adhesion molecule MADCAM1 (mucosal vas-
cular addressin cell adhesion molecule 1) and
integrin a2b [integrin aIIb (ITGA2B) or CD41]

(38). The role of ITGA2B in LN LECs is not un-
derstood, but its expression is further in-
duced during inflammation or tumorigenesis
(38, 45).
Medullary LECs express self-antigens and

the T cell inhibitory programmed-death ligand
1 (PD-L1) (46) and participate in alloreactive
CD8+ T cell deletion. Interferon signaling in-
duces PD-L1 expression in LECs (47, 48). The
mechanisms for LN LEC self-antigen expression
are not well known aside from its indepen-
dence from the transcription factor autoimmune
regulator (AIRE), which drives promiscuous
expression of self-antigens in medullary thy-
mic epithelial cells (46). LN LECs also induce
CD4+ T cell anergy through cross-dressing, al-
though somewhat contrasting mechanisms
have been proposed that involve either antigen
transfer from LECs to DCs (49) or acquisition
of preloaded peptide–major histocompatibility
complex II (MHC-II) complexes from DCs by
LECs (50).
LECs are highly endocytotic (51). SCS LECs

exploit this ability to achieve rapid transcytotic
delivery of lymph-borne immunoglobulin G
(IgG) into the LN parenchyma (52). Medullary
LECs use it for soluble antigen acquisition and

subsequent presentation to CD8+ T cells to
mediate deletional tolerance (53). Proliferat-
ing LN LECs also can sequester antigens and
store them long term (“archiving”) during viral
infection. These antigens are subsequently
released from dying LECs in the contracting
lymphatic vasculature during resolution of
inflammation, and DCs use them for cross-
presentation and generation of CD8+ T cell
memory responses (54, 55).
Immune cell compartmentalization is cru-

cial for LN function in host defense. Lymphatic
vessels are extensively involved in the regula-
tion of immune cell trafficking and positioning
within the LNs. One of the best-studied mech-
anisms concerns the bioactive lipid sphingosine
1 phosphate (S1P), which acts as a ligand for the
family of S1P G protein–coupling receptors. S1P
is produced intracellularly, and spinster homo-
log 2 (SPNS2)–mediated transport of S1P from
LECs generates S1P gradients within the LNs,
which are sensed by various immune cell pop-
ulations (56). These gradients are necessary for
T andB cell egress into efferent lymph and thus
are important for lymphocyte recirculation (57).
Loss of LEC-dependent S1P gradients also leads
to LN accumulation of natural killer (NK) cells
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Fig. 1. General features of lymphatic vessels. (A) Types of LECs. Capillary
LECs are connected by discontinuous junctions and are in direct contact with the
tissue microenvironment, which facilitates ISF uptake and migration of immune
cells. Collecting-vessel LECs are connected with continuous junctions and
surrounded by basement membrane and LSMCs. Valve LECs are attached to
specialized extracellular matrix, and the valve region lacks LSMC coverage.
Selected features of each population are shown in boxes; more detailed
molecular description is available in (30). (B) CCBE1- and ADAMTS3-dependent

processing of VEGF-C produces bioactive VEGF-C, which induces lymphangio-
genic responses in VEGFR-3–expressing LECs. During inflammation, TH2
cytokines reduce lymphangiogenesis, whereas macrophages and Treg cells
promote lymphangiogenesis and assist in lymphatic vascular repair. (C) Lymph
flow maintains the expression of mechanosensitive transcription factors FOXC2,
GATA2, and NFATC1 (nuclear factor of activated T cells 1) and collecting
lymphatic vessel function. Selected markers of valve LECs are shown; a more
detailed description is available in (154).
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and theirmislocalization from themedulla to the
T cell zone, where they respond less efficiently
to challenge with Salmonella infection (58).
In addition to providing guidance cues for

lymphocytes, S1P supports the survival of naïve
T cells by promoting theirmitochondrial fitness
and migratory capacity (59). S1P also regulates
peripheral lymphatic vessel junctional organi-
zation (57). In the skin, capillary LEC-derived
S1P selectively enhances migration of CD4+

T cells into initial lymph vessels by promoting
both LEC permeability and T cellmotility and
adhesion to endothelial cells (60). Another
bioactive lipid, lysophosphatidic acid (LPA),
promotes efficient lymphocyte trafficking by
inducing porous junctional organization of
sinus-lining LECs through cross-talk between
theLPAreceptorLPAR1andS1PR1 signaling (61).
CD169+ macrophages line the SCS and med-

ullary sinuses. These cells are strategically posi-
tioned to rapidly capture lymph-borne pathogens
and initiate a specific immune response by re-

layingantigens toBcells andproducing cytokines
for DC, neutrophil, and NK cell recruitment.
LN LECs are central in the establishment of a
niche for SCS and medullary macrophage
homing and maintenance (38, 62). LN LECs
serve as a major source of macrophage pro-
survival factor colony-stimulating factor–1
(CSF1). Lymphatic endothelial–specific in-
activation of CSF1 results in loss of SCS and
medullary macrophages without affecting
other LN macrophage populations (62). The
RANK receptor controls CSF1 induction of
LECs, with nearby CCL19+ marginal reticular
cells providing its ligand, RANKL. SCS LEC
MADCAM1 and ITGA2B expression also de-
pends on RANK, indicating a general role for
RANK–RANKL signaling in shaping the LEC
LN-specific program (38). A single-cell survey
of human LN LECs has identified six distinct
subpopulations. SCS LECs produce multiple
neutrophil chemoattractants, whereas med-
ullary sinus LECs selectively express C-type

lectin CD209, which is important for neutro-
phil retention. Accumulation of neutrophils
by medullary LECs in the immediate vicinity
of macrophages may represent a mechanism
for lymph-borne pathogen clearance and pre-
vention of their spread (42).
Overall, studies of LNs highlight several

important features of LECs, which will likely
be important for understanding the roles of
lymphatic vessels in other organs. These roles
may include high endocytic and transcytotic
capacity, production of bioactive lipids and
growth factors with immunomodulatory and
niche-sustaining functions, and an important
contribution of lymphatic vessels in establish-
ing gradients of biologically active molecules
that govern tissue compartmentalization.

Intestinal lymphatic vessels: New players
in gut homeostasis and immunity

Intestinal lymphatic vessels mediate distinct
functions in fat absorption, maintenance of
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Fig. 2. Compartmentalized functions of LN LECs. Decoy CCL21 receptor
CCRL1 produced by “roof” SCS LECs creates a CCL21 gradient and regulates
intranodal migration of DCs. LN LECs express high levels of CSF1, which maintains
SCS and medullary macrophages. The expression of CSF1, MADCAM1, and ITGA2B
in LECs is maintained by RANK expressed on LECs, whereas RANKL is produced
by marginal reticular cells. SCS LECs use transcytosis for delivery of lymph-borne
IgG. Medullary LN LECs produce peripheral tissue antigens and PD-L1 and induce
deletion of alloreactive CD8+ T cells as well as CD4+ T cell anergy. Medullary LN

LECs in humans express CD209 to retain neutrophils, which may be important in
clearing lymph-borne pathogens. Proliferating LECs take up antigen, which they
release during LN contraction to induce DC-mediated T cell memory responses.
S1P, produced by medullary LECs, is necessary for recirculation of B and
T lymphocytes, for medullar localization of NK cells, and for T cell survival. SSM,
subcapsular sinus macrophage; MM, medullary macrophage; MRC, marginal
reticular cell; FRC, follicular reticular cell; PTA, peripheral tissue antigen;
NO, nitric oxide; IDO, indoleamine 2,3-dioxygenase.
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gut immunity, and promotion of intestinal
homeostasis (32). Each of the millions of small
intestinal villi covering the gut mucosa is
endowed with a lacteal, a blunt-ended lym-
phatic capillary. Lacteals are connected to
submucosal lymphatic vessels and together
constitute the intestinal lymphatic vascula-
ture network, which is the largest lymphatic
bed in the human body. Although most other
adult lymphatic vessel beds are relatively
quiescent, lacteal LECs slowly but contin-
uously proliferate and frequently harbor
filopodia (63), which suggests a distinct and
ongoing lymphangiogenic process. This re-
newal mechanism may aid lacteals in coping
with the constant mechanical and chemi-
cal cellular stress caused by intestinal peri-
stalsis and exposure to dietary and microbial
products.
In mice, mesenteric LECs appear around

embryonic day 12.5 (E12.5) and grow toward
the intestinal submucosa at E14.5, when the
intestinal villi emerge (19, 25, 64, 65). Mesen-
teric LECs then grow into lacteals at E17.5 and
participate in postnatal dietary lipid absorp-
tion (64). The development of intestinal lym-
phatic vessels relies on activation of VEGFR-3
by VEGF-C (64). A key downstream effector
of VEGFR-3 signaling in mesenteric LECs is
phosphatidylinositol 3-kinase (PI3K); deletion
of the p110a catalytic subunit of this kinase
results in intestinal lymphatic-specific devel-
opmental defects (19).
The structure and function of intestinal lym-

phatic vessels must be tightly coordinated to
maintain intestinal homeostasis. The results of
intestinal LEC ablation in mice highlight the
importance of the intestinal lymphatic vascula-
ture inwhole-body homeostasis. Loss of lacteals
inmice harboring the diphtheria toxin receptor
under control of the LYVE-1 promoter leads to
rapid disruption of the blood-gut barrier and to
sepsis and lethality (66). Despite the crucial
functions of intestinal lymphatic vessels, the
specific molecular regulators of their mainte-
nance, renewal, and functions are only begin-
ning to be identified. Although many adult
lymphatic vascular beds are quiescent and
VEGF-C–independent, intestinal lacteals (5, 63)
and meningeal lymphatic vessels (mLVs) (6)
are exceptions. Intestinal lymphatic vesselmain-
tenance requires continuous VEGFR-3 signal-
ing (Fig. 3A), and genetic deletion of Vegfc
or Vegfr3 or a VEGFR-3 signaling blockade
shortens lacteal length, reduces the number
of lacteal filopodia, and impairs dietary lipid
absorption (5, 63). Conversely, by depleting
negative regulators of the pathway, VEGF-C–
VEGFR-3 signaling hyperactivation also leads
to intestinal lymphatic dysfunction. This find-
ing suggests the importance of tight regu-
lation of VEGFR-3 signaling levels for proper
intestinal lymphatic development and lacteal
maintenance (67–69). Patients with Hennekam

syndrome have a genetic loss of function of
CCBE1, which activates production of bio-
active VEGF-C. With its loss, these patients
develop intestinal lymphangiectasia that is
characterized by dilated and malfunctioning
intestinal capillaries (70), further underscor-
ing the role of VEGF-C–VEGFR-3 signaling in
intestinal homeostasis. Intestinal villus SMCs
are a source of VEGF-C (5), but intestinal villus
macrophages also produce VEGF-C upon stim-
ulation by gut microbes, implicating the gut
microbiota as additional regulators of lac-
teal integrity (7). Further studies involving
deletion of Vegfc in specific cell types are re-
quired to reveal source(s) of VEGF-C in intes-
tinal villi and the regulatory mechanisms of
its secretion.
Other molecular regulators of lacteals in-

clude Notch ligand d–like protein 4 (DLL4).
Lacteal DLL4 is induced in response to active
VEGFR2 or VEGFR3 signaling and regulates
LEC migration and rearrangement. DLL4-
deficient LECs have reduced directional migra-
tion in response to VEGF-C. Furthermore,
although wild-type lacteals display a mix of
mature button-like and remodeling zipper-
like cell-cell junctions, LEC-selective loss of
DLL4 decreases the proportion of functional
button junctions, leading to lacteal attrition
and defective fat absorption (63). Calcitonin
receptor–like receptor (CLR), which is abun-
dantly expressed in LECs and activated by
peptide hormone adrenomedullin, is also re-
quired for lacteal maintenance. Selective in-
activation of CLR in lymphatic vessels results
in intestinal inflammationwith systemic lym-
phatic insufficiency. CLR deletion down-
regulates the expression of DLL4, indicating
that the coordination between CLR and Notch-
DLL4 signaling is important for the mainte-
nance of lacteals (71). In humans, mutations in
CALCR, which encodes CLR, cause autosomal
recessive nonimmune hydrops fetalis with lym-
phatic dysplasia (72).
Cross-talk with blood vessels specifically

modulates the junctional organization and
transport capacity of intestinal lacteals (73).
In physiologic conditions, blood endothelial–
specific VEGF-A receptors VEGFR-1 and neu-
ropilin 1 (NRP1) restrict bioavailability of
VEGF-A in the intestine. However, when these
are lost, VEGF-A activity increases and en-
hances VEGFR-2 signaling in nearby LECs
and transforms the button-type junctions
into zipper-type (73). Functionally, such junc-
tional reorganization reduces lymphatic die-
tary fat uptake and increases resistance to
high-fat diet–induced obesity. A high level of
VEGF-A has opposite effects on villus blood
capillary plexus and lacteals, inducing leakage
of blood vessels while closing lacteal junctions.
This effect is in part attributable to a mech-
anism involving inhibition of Rho-associated
protein kinases (73).

The high rate of adult lacteal LEC remod-
eling is underscored by the phenotype of
mice with lymphatic endothelial–specific in-
activation of vascular endothelial cadherin
(VE-cadherin) (74). Although VE-cadherin is a
component of all endothelial adherens junc-
tions, its loss in lymphatic vasculature results
in an intestinal-specific phenotypewith striking
fragmentation and distension of lacteals, dete-
rioration of the mesenteric lymphatic valves,
and lymphatic vessel constriction (74). Lacteals
are surrounded by the villus stroma residing
under the rapidly renewing intestinal epithelial
cells, and additional studies are needed to elu-
cidate interactions between a lacteal and the
surrounding stromal cells for their mainte-
nance and function.
Dietary lipids and fat-soluble vitamins are

absorbed by enterocytes and incorporated into
large triglyceride-enriched lipoprotein particles,
called chylomicrons, which then enter the
lymphatics through lacteals. They drain into
intestinal submucosal lymphatics and then to
mesenteric collecting vessels and LNs. Intes-
tinal lymph is finally delivered into the sys-
temic circulation through the thoracic duct
and metabolized by the liver (32). Longitudinal
villus SMCs surrounding the lacteals facilitate
efficient drainage of absorbed lipids by actively
contracting and squeezing lacteals under the
control of the autonomic nervous system (75).
Villus SMCs provide factors for lacteal mainte-
nance and serve to compartmentalize the in-
teractions of a portion of immune cells in the
laminal propria (5, 76). Lacteals are in close
contact with the enteric neurons, with some
nerve endings found in the lacteal lumen
(65, 77). These lacteal neurons are excited by
lymph in vitro, but the precise role of a pos-
sible neurolymphocrine interaction remains
to be elucidated (77). Lacteal LEC themselves
express b-adrenergic receptors and can be tar-
gets of neurotransmitters or drugs that mod-
ulate b-adrenergic receptors (78).
Intestinal lymphatic vessels are important

components of the gut immunosurveillance
system, which promotes mucosal immunity
and tolerance. Similar to other tissues, sub-
populations of CCR7+ DCs carry antigens from
the intestine to the mesenteric LN in response
to LEC-derived CCL21, which is essential for
the establishment of oral tolerance (79). To-
gether with the hematopoietic system, the in-
testinal epithelium has the highest renewal
rate in the body. Accordingly, intestinal DCs
also deliver apoptotic intestinal epithelial cells
to the mesenteric LN, where they serve as crit-
ical signals for the induction of Treg cells (80).
During helminth infection, intestinal lamina

propria–resident type 2 innate lymphoid cells
(ILC2s) up-regulate S1PR expression and egress
through intestinal lacteals to reach the blood
circulation. Gut-derived activated ILC2s accu-
mulate in the lung, which is another site of
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helminth infection, and contribute to protec-
tive immunity and tissue repair (81). S1P sig-
naling is also used by pathogenic TH17 cells to
egress from the intestine, aggravating kidney
autoimmune disease (82). A retinoid-related
orphan receptor–g+ (RORg+) CCR7+ subset of
ILC3s also traffics from the intestine to mes-
enteric LNs (83), although the functional im-
portance of this trafficking remains to be
established. Different parts of the intestine
drain to distinct mesenteric LNs, and such
LNs are immunologically specific to the func-
tional gut segment that they drain. The proxi-
mal small intestine–draining mesenteric LN
preferentially gives rise to tolerogenic responses,
and the distal mesenteric LN gives rise to pro-
inflammatoryT cell responses (84). These results
highlight the further need to characterize the
lymphatic vasculature and lymph composition
along the gastrointestinal tract.

CNS-associated lymphatic vessels: A missing
link in CSF clearance and CNS immunity

Brain parenchyma is devoid of lymphatic ves-
sels, and clearance of cellular debris and waste
products in the central nervous system (CNS)
is in part attributable to the so-called glymphatic

pathway (85). The glymphatic pathway was
proposed as a mechanism for small-molecule
exchange between the cerebrospinal fluid (CSF)
and ISF (86, 87). This pathway promotes CSF
flow along the Virchow-Robin spaces, existing
between the arterial basement membrane and
the glia limitans, which is composed of astro-
cytic end feet (86, 87). CSF runs from the sub-
arachnoid spaces into the deep brain through
the periarterial spaces and then exits along
perivenous spaces back into the subarachnoid
space. Another path has been described, a
perivascular route using the extracellular spaces
along the walls of capillaries and arteries that
exits the brain in the direction opposite to the
arterial blood flow (88). Clearance through
the glymphatic and perivascular pathways
ultimately requires fluid removal from the
cranium. Although several exit routes have
been proposed, such as arachnoid granu-
lations or perineural pathway, the relative
importance of each of these drainage routes
remains debated.
The rediscovery of mLVs is one of the most

exciting findings in medicine in recent decades
because mLVs are potential drainage circuits
for CSF and ISF macromolecular clearance

as well as routes for immune cell egress from
the CSF into the peripheral lymphatic system
(89, 90). The participation of mLVs in CSF
and brain ISF clearance has been shown in
rodents (89–92), humans, and nonhuman pri-
mates (93). The mLVs express the classic mark-
ers of LECs, such as PROX1, VEGFR3, LYVE-1,
podoplanin, and CCL21 (89, 90). These vessels
ensure the clearance of CSF macromolecules,
antigens, and immune cells to the peripheral
lymphatic system through the draining of deep
cervical LNs, in a manner similar to that of
peripheral lymphatic vessels (6, 89, 92, 94).
Lymphocytes and CD11c+CCR7+ DCs traffic
within mLVs and drain to deep cervical LNs.
After mLV ligation, they fail to do so and accu-
mulate insteadwithin themeninges (89, 90). Of
interest, although the lymphatic vessel devel-
opment in most organs occurs in utero, forma-
tion of mLVs starts postnatally in response to
VEGF-C produced by blood vascular SMCs (6).
Until the first 2 postnatal weeks in mice, mLVs
extend from the basal part of the skull around
themiddlemeningeal artery and sigmoid sinus
alongside dural blood vessels toward the dorsal
part of the skull. During the 3rd postnatal
week, navigating along the transverse sinuses,
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mLVs reach the superior sagittal sinus and ex-
tend along it toward the olfactory bulb (6, 95).
Similar to peripheral lymphatics, blockade of
the interaction between VEGF-C and VEGFR3
impairs mLV development. Conversely, excess
VEGF-C induces meningeal lymphangiogenesis,
suggesting the plasticity and regenerative po-
tential of mLVs (6).
In addition to capillary versus collecting

lymphatic vessel morphological phenotypes,
lymphatic vessels in many tissues display an
intermediate precollector phenotype with
mixed button- and zipper-like junctional pat-
terns and lymphatic valves but no SMC cov-
erage. Characterization of dorsal skull mLVs
suggests that they are phenotypically similar
to peripheral lymphatic capillaries because
they lack lymphatic valves and have a noncon-
tinuous basement membrane (89, 90). Dorsal
mLVs transport macromolecules and cells
along the superior sagittal and transverse
sinuses (89, 90). However, using controlled
low-rate and -volume stereotactic CSF tracer
injection, Ma et al. did not find substantial
CSF reuptake and drainage by dorsal mLVs.
These researchers instead suggested that
CSF drains along cranial nerves as they exit
the skull (91). Basal mLVs are located at the
skull base and thus are difficult to access and
image. Their importance has been highlighted
through characterization of their specialized
morphologic features and transport capacity,
which are distinct from those of dorsal mLVs
(96). Similar to peripheral lymphatic capilla-
ries, basal mLVs are blunt-ended, with a pre-
dominantly button-like junctional pattern
(Fig. 3B). Of importance, basal mLVs also have
lymphatic valves but lack SMCs and thus dis-
play a precollector phenotype, allowing both
fluid uptake andmaintenance of unidirectional
lymph flow (6, 89, 96). When a fluorescent or
contrast tracer is infused into the brain pa-
renchyma or lateral ventricle, tracers are not
observed in dorsal mLVs, with the transport
preferentially occurring through the basalmLVs
into the deep cervical LNs (89, 96). Anatom-
ically, basal mLVs are located close to the
subarachnoid space and thus may represent
hotspots responsible for CSF and brain ISF
drainage into the lymphatic system. The path-
ways of CSF flow and clearance from the CNS
are a rapidly developing area of research. Studies
are needed that directly compare the extent
of CSF drainage in specific anatomical regions
by using standardizedmethods to allow for a
consensus and fully reconcile mixed findings
on the roles of dorsal and basal mLVs, the
cribriform plexus, and the perineural pathway
(89–92, 96).
The excitement generated by mLV research

results from their emerging function in clear-
ance of brain toxic by-products and thus po-
tential contribution to the pathogenesis of
age-related neurodegenerative diseases, espe-

cially Alzheimer’s disease. Aging impairs mLV
structure and function (6, 91, 92, 96), and
photoablation of dorsal mLVs in young mice
results in impaired CSF perfusion and in learn-
ing and memory deficits (92). In mouse models
of Alzheimer’s disease, photoablation of mLVs
increases brain amyloid-b burden and pro-
motes deposition of meningeal amyloid-b (92),
indicating that mLVs participate in b-amyloid
clearance. Another neuropathological hallmark
of Alzheimer’s disease is impaired clearance
of intracellular aggregates of t protein, and
ablation of mLVs in K14-VEGFR3–Ig trans-
genic mice exacerbates this impairment (97).
These data suggest that dysfunction of mLVs
potentially contributes to the onset and pro-
gression of Alzheimer’s disease by disturb-
ing clearance of pathological proteins such as
amyloid-b and t protein and that targeting
mLVs may be of therapeutic value.
In contrast to their predicted beneficial role

in Alzheimer’s disease, mLVs potentially pro-
mote disease pathology in autoimmune neuro-
inflammatory conditions, such as multiple
sclerosis. In addition, they may facilitate CNS
infection or injury by serving as a route for
CNS-derived immune cell and antigen deliv-
ery to cervical LNs. Blockade of mLVs reduces
disease severity and alleviates the inflamma-
tory response in an animal model of multiple
sclerosis, likely by interfering with trafficking
and activation of CCR7+ T cells in the draining
LNs (94). Of interest, responses to inflamma-
tion in CNS-associated lymphatic vessels are
heterogeneous. Brain inflammation induces
VEGF-C–VEGFR-3–dependent expansion of
lymphatic vessels associated with cribriform
plate, whereas mLVs do not undergo robust
lymphangiogenesis (98). However, inhibition
of VEGFR-3 signaling, even in adult animals,
leads to regression of mLVs but leaves cribri-
form plate lymphatics unaffected (6, 94, 98).
A highly organized lymphatic network also

surrounds the vertebral column, where it nav-
igates in the epidural space and dura mater
around the spinal cord (6, 99). Near-infrared
and magnetic resonance imaging has demon-
strated a directional flow of CSF through the
central canal from the ventricle to the caudal
end of the spine, with outflow of CSF through
spinal lymphatic vessels, leading to the sacral
and iliac LNs. The amount of CSF outflow into
sacral and iliac LNs is much less than into
deep cervical LNs, indicating that mLVs drain
a major portion of CSF (100). Similar to cra-
nial LVs, spinal lymphatic vessels are VEGF-
C–dependent and remodel extensively after
spinal cord injury, indicating their potential
importance for maintaining and repairing
spinal tissues and in CNS immune responses
(6, 99).
Further mechanistic and preclinical studies

should improve our understanding and allow
for manipulation of mLVs for the treatment of

brain diseases. Analyses are needed of their
relative contribution to immune cell traffick-
ing and to evaluate mLV organization in or-
ganisms with more convoluted brains, higher
cortical neuronal density, and complex cogni-
tive behaviors. To guide these analyses, the
molecular composition of different subsets of
CNS-associated lymphatic vessels should be
compared with that of other organ-specific
lymphatic vessels. The link between mLV dys-
function and impaired waste clearance from
the brain in all of these aspects may have far-
reaching implications for the diagnosis and
treatment of several brain-related patholo-
gies. CSF levels of amyloid-b are decreased in
Alzheimer’s disease, presumably because they
aggregate into fibrils and plaques in the brain;
thus, less peptide can diffuse into the CSF. By
contrast, t protein concentrations in the CSF
are increased in patients with Alzheimer’s dis-
ease (101). Therefore, analysis and compari-
son of lymph components between CNS and
the periphery will be important for further un-
derstanding of the mechanisms underlying
CNS waste drainage through the mLVs. An
additional important question is how mLVs
communicate with the brain, and recent studies
have provided initial insights into the direct
skull–meningeal vascular connections (102, 103),
although the vessel identity has not been well
established.

Lymphatic mimicry as a mechanism of
vascular adaptation to organ-specific functions

Schlemm’s canal (SC) is an endothelium-lined
channel that encircles the cornea. It provides
an exclusive vascular route for outflow of the
aqueoushumor,which is continuously produced
by the ciliary body and refreshes the anterior
chamber of the eye (33). SC has morpholog-
ical, molecular, and functional similarities
with lymphatic vessels (Fig. 3C). The aqueous
humor is dynamically drained transcellularly
by generating giant vacuoles through SC en-
dothelial cells. SC dysfunction or regression
during chronic inflammation or aging reduces
aqueous humor drainage and elevates intra-
ocular pressure, ultimately leading to glaucoma.
In this respect, glaucoma caused by impaired
SC could also be regarded as “eye lymphedema”
(33). Unusually, SC represent an intermediate
vessel type between lymphatic and blood ves-
sels (104–106). SC endothelial cells express the
blood endothelial cell markers Tie2 and endo-
mucin and LEC markers PROX1, VEGFR3,
and integrin a9 but not LYVE-1 or podoplanin
(104–106). The SC develops by sprouting from
the choroidal vein, and endothelial cells of SC
are reprogrammed to acquire lymphatic fea-
tures through PROX1 up-regulation after birth.
Mechanical cues from aqueous humor outflow,
VEGF-C–VEGFR-3 signaling, and angiopoietin–
Tie2 signaling are crucial for the formation and
differentiation of SC as well as formaintaining
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adult SC integrity (104–108). TIE2 and ANGPT1
loss-of-functionmutations have been identified
in patients with primary congenital glaucoma
(107, 109). These advances uncover previously
unidentifiedmolecularpathways inunderstand-
ing the pathogenesis of congenital glaucoma
and adult primary open-angle glaucoma. They
also offer new therapeutic avenues: Admin-
istration of Tie2-activating antibody alleviates
the high intraocular pressure and subsequent
retinal neural damage in Angpt1- and Angpt2-
deficient mice by improving SC integrity (108).
Another example of vasculature with a hy-

brid lymphatic and blood vessel phenotype
has been described in the kidney ascending
vasa recta (AVR), the vascular network that
drains ISF in the kidney medulla (110). AVR ex-
presses the LECmarkers PROX1 and VEGFR-3,
but not LYVE-1 and podoplanin, and the blood
endothelial cell markers endomucin, CD34,
CD31, and PLVAP but not VEGFR-2 (Fig. 3C).
PROX1 and VEGF-R3 expression and abun-
dant fenestration in theAVRmaybe responsible
for the relatively high hydraulic conductivity
of the AVR and its role in the reuptake of large
volumes of ISF, a typical feature of lymphatics.
Similar to SC, angiopoietin-TIE2 signaling is
required for the prenatal development of AVR

(110). Of interest, neither SC nor AVR expresses
LYVE-1 and podoplanin, which are produced
by all peripheral LVs. For podoplanin, its high
platelet aggregation capacity would be clearly
detrimental for SC and AVR function, but the
reason for low LYVE-1 expression is unknown.
SC and AVR are interesting examples in which
the need for specialized blood vessel function,
such as drainage of ISF, leads to emergence of
a lymphatic-like phenotype.
A distinct type of lymphatic mimicry by

blood vessels has been uncovered in placental
spiral arteries (SAs). During pregnancy, SAs
undergo rapid remodeling to meet the meta-
bolic needs of a growing fetus. SAs express
the lymphatic markers PROX1, LYVE-1, and
VEGFR-3, and blockade of VEGFR-3 signaling
prevents SA remodeling, leading to fetal growth
restriction (111). Unlike the SC and AVR, the
SAs are not fenestrated or involved in fluid
filtering, suggesting that in this case, lymphatic
mimicry reflects opportunistic use of VEGF-C,
abundantly produced by uterineNK cells, for SA
expansion. Collectively, the existence of vas-
cular beds with blood vascular–lymphatic hy-
brid characteristics underscores the importance
of endothelial cell plasticity for vessel adap-
tation to organ function and calls for further

investigation of the underlying molecular
mechanisms.

Lymphatic vessels in disease: Toward a broader
view of tumor lymphatic vessel functions

Tumor lymphatic vessels execute complex and
at times seemingly contradictory functions
during cancer progression (Fig. 4). Metastatic
cells readily invade permeable peritumoral
lymphatic vessels. High levels of lymphangio-
genic growth factor VEGF-C, increased tumor
lymphatic vascular density, and LNmetastasis
are all linked to poorer clinical outcomes in
multiple cancer types, with especially clear as-
sociations observed inmelanoma, breast, pros-
tate, and head and neck cancers (112, 113).
Inflamed lymphatic endothelium also fosters
an immunosuppressive tumor microenviron-
ment by inhibiting DC maturation and lim-
iting cytotoxic lymphocyte function through
interferon-g–dependent production of inhibi-
tory ligand PD-L1, inducible nitric oxide syn-
thase, indoleamine 2,3-dioxygenase (IDO), and
transforming growth factor–b (TGFb) [re-
viewed in (114)]. On the other hand, tumor
antigen transport by migratory DCs to drain-
ing LN is important for the generation of
antitumor immunity (115, 116). Nevertheless,
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antigen presentation and production of effec-
tor T cells have also been documented within
the primary tumors and in tumor-associated
tertiary lymphoid structures (117, 118). Mela-
noma tumors implanted in K14-VEGFR3-Fc
transgenic mice, which lack dermal lymphatic
vasculature, fail to develop an inflammatory
tumor microenvironment and T cell infiltra-
tion (119). Furthermore, experimental induction
of lymphangiogenesis promotes accumula-
tion of intratumoral CD8+ T cells and improves
responses to immune therapies in melanoma
models (120). High lymphatic vascular density
correlates with increased infiltration of intra-
tumoral CD8+T cells inhuman colorectal cancer
and melanoma (121, 122). Patients with mela-
noma and high circulating levels of VEGF-C have
stronger immune responses to therapeutic vac-
cination with Melan-A peptide and better clin-
ical responses to anti–CTLA-4 or anti–programmed
cell death 1 (PD-1) immunotherapies (120). Thus,
although the lymphatic vasculature generally
facilitates metastasis and even displays “ex-
hausted” and immunosuppressive features in
advanced tumors, it is nevertheless essential
for generation of antitumor immunity and ef-
ficient responses to immune therapies.
Whether lymphatic vessels promote or in-

hibit tumor progression depends on the pro-
pensity of metastatic cells to migrate further
than tumor-draining LNs. Using cancer cell
infusion into LN or LN photoconversion ap-
proaches, Brown et al. and Pereira et al. found
that a significant proportion of lung metastases
are formed by LN-derived cancer cells (123, 124).
In addition, they found that cancer cells used
the LN fibroblastic reticular cell network for
their migration toward high endothelial ven-
ules (HEVs) to enter blood circulation. These
results demonstrate that LN metastases are
not a “dead end” of the metastatic process but
rather contribute substantially to systemic can-
cer spread. Outstanding remaining questions
are (i) whether this process occurs in human
cancers and (ii) its clinical relevance. Genetic
analyses of clonal evolution between the pri-
mary tumor, LN, and distant metastases in
human colorectal cancer indicate a complex
picture with common clonal origin found in
a subset of cases (125). Yet, resection of all
regional LNs does not improve the overall
survival rate in sentinel-node–positive mel-
anoma patients (126). Further work is therefore
necessary to establish the molecular determi-
nants that drive invasive behavior of cancer
cells within the LNs, the impact of tumor cell
conditioning by the LN environment, and how
cancer therapies affect these parameters. In
melanoma models, LN metastatic cell metab-
olism differs from that of primary tumors. Such
cells up-regulate the transcriptional coactivator
yes-associated protein (YAP), which drives fatty
acid oxidation in response to increased LN
levels of YAP-activating bile acids (127).

Metastatic cancer cells arrive in an inhos-
pitable environment and must adapt to sur-
vive and expand. Primary tumors systemically
condition distant organ environments, which
include organ-specific lymphatic vessels, to
generate a supportive premetastatic niche.
Lymphangiogenesis has been documented
not only in primary tumors but also in sen-
tinel LNs, even in the absence of cancer cells,
and distant metastases, where it has been as-
sociated with poor prognosis (122, 128, 129).
Tumor-derived endothelial growth factors,
primarily VEGF-C and VEGF-A, play a key role
in LN lymphangiogenesis [reviewed in (128)].
Release of the heparin-binding factor midkine
by melanoma cells induces systemic premeta-
static lymphangiogenesis through activation
of mammalian target of rapamycin (mTOR)
signaling and further up-regulation of VEGFR-3
in LECs (130). An analysis of melanoma-derived
lymph demonstrated that it is highly enriched
in bile acids (127) or particular cancer biomark-
ers, reflecting early versus advanced metastatic
spread (131). Results such as these open up a
fascinating opportunity to understand the im-
pact of tumor lymph components on draining
LN function.
Premetastatic and metastasis-associated lym-

phatic vessels are functionally important. Ex-
pansion of the lung lymphatic vasculature upon
transgenic VEGF-C overexpression potenti-
ates outgrowth of arriving cancer cells and
facilitates their subsequent dissemination to
other organs (129). Further work is necessary
to establish the role of this process in human
disease, and metastasis-to-metastasis spread
has already been documented in prostate cancer
(132). Under inflammatory conditions, LECs
abundantly produce exosomes that accumu-
late in perilymphatic stroma and promote
directional migration of DCs (133). Metastasiz-
ing cancer cells could potentially use a similar
mechanism. Metastasis-associated lymphatic
vessels promote cancer cell growth and in-
vasion through paracrine production of the
chemokine CXCL12, as reviewed in detail
elsewhere (134). In addition, perilymphatic
tumor-associated macrophages facilitate in-
tralymphatic invasion in breast cancer mod-
els (13, 14). Metastasis-associated LECs also
modulate the local immune environment. LEC-
specific inactivation of the S1P transporter
SPNS2 curbs metastatic melanoma cell out-
growth in lungs because of increased retention
of NK and effector T cells (135). Surprisingly,
the effects of midkine and SPNS2 are apparent
at the sites of metastases but not in primary
tumors (130, 135), indicating an important
but poorly understood contribution of organ-
specific microenvironments.
Tumor-associated lymphatic vessels can play

both beneficial and detrimental roles in cancer
progression. Accumulating evidence indicates
that common cancer therapies induce lymph-

angiogenic factors and tumor lymphangiogen-
esis (136, 137), contributing to metastasis. By
contrast, functional tumor lymphatic vessels
improve delivery of chemotherapy to tumors
by reducing ISF pressure (138) and potentiate
responses to therapeutic vaccination and im-
mune checkpoint inhibitors (120). Further work
is necessary to fully understand and exploit
the role of lymphatic vessels in specific cancer
types and the potential of cotargeting lymphatic
vessels in combination with other treatments.
Initial research has focused on the inhibition of
tumor lymphangiogenesis topreventmetastasis.
However, similar to other stroma-targeting ther-
apies (139, 140), reprogramming rather than
ablation of tumor-associated lymphatic vessels
appears to be a more realistic strategy.

Concluding remarks

The field of lymphatic vascular biology is rapidly
expanding because of an increased awareness
of the role of lymphatic vessels in regulating
multiple body functions and diseases, coupled
with studies of the underlyingmolecularmech-
anisms. Below is a nonexhaustive discussion
of what we consider to be crucial future direc-
tions in lymphatic vascular biology.

Morphogenetic functions of lymphatic vessels

Functional compartmentalization is a key fea-
ture of every organ, maintained by tissue-
specific stem cells. The role of lymphatic vessels
in the compartmentalization of immune cells
in LNs has been clearly demonstrated, but
the insights into other organs and the role of
lymphatic vessels in stem cell niches are only
starting to emerge. For example, lymphatic
vessels serve as a main source of mitogens for
spermatogenic stem cells in the testis (141).
Intriguingly, the hair follicle regeneration cycle
appears to be coordinated with skin lymphatic
capillary remodeling and function (142, 143).
Distinct developmental origins potentially con-
tribute to organ-specific features of lymphatic
vessels (17–19). It will be equally important
to understand how the specific environment
of each organ affects LEC molecular compo-
sition and heterogeneity and ability to secrete
and regulate the concentration of organotypic
growth factors and other bioactive substances.
Some potential environmental factors with
these effects include extracellular matrix com-
position and tissue stiffness, availability of nu-
trients, and the presence of microbial products.
A transport function of lymphatic vessels in
maintaining morphogenetic gradients has
been proposed (144) but is still rarely con-
sidered. Understanding the morphogenetic
functions of the lymphatic vasculature requires
refined animal models for the detection and
real-time analyses of gradients of bioactive
molecules, as illustrated in recent studies of
S1P signaling (58, 61), and for genetic targeting
of organ-specific vessels (145).
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Systemic functions of lymphatic vasculatures
The vascular system acts as an “organizer” by
ensuring communication among different parts
of an organism (146). Studies of immune cell
trafficking highlight roles for the lymphatic
vasculature in this organ-to-organ communi-
cation. As discussed above, ILC2s egress from
the gut through lymphatics to promote de-
fense against the helminths in the lungs, and
encephalitogenic T cells first travel into the
lungs and intestine before exiting by means of
lymphatics and reaching the brain (147, 148).
Brain neuroinflammation is suppressed by gut-
derived plasma cells (149), whereas pathogenic
intestinal TH17 cells contribute to kidney auto-
immunediseases (82). Furtherwork is necessary
to understand which signals that lymphatic
vessels relay during organ-to-organ communi-
cation and how such signals coordinate body
homeostasis or disease responses. With such
knowledge in hand, a transition from single-
gene biology to a systemic and quantitative un-
derstanding of the organism as a wholemay be
possible. The development of preventive mea-
sures or therapeutic interventions could then
arise from this systemic knowledge of vascular
communication mechanisms.

Exploiting lymphatic vasculature to improve
disease diagnostics and treatments

Lymphatic vessels are emerging as an indis-
pensable component of effective antitumor
immune responses.Much of our current knowl-
edge about the functions of tumor lymphatic
vasculature derives from the subcutaneous
melanoma and breast cancer models engi-
neered to overexpress VEGF-C and foreign
antigens. Yet, solid cancers of any given organ
arise because of distinct molecular alterations
and are molecularly heterogeneous. This het-
erogeneity goes hand in handwith differential
responses of cancer subtypes to therapies and
vastly different patient prognoses. The impact
of organ-specific vascular specialization and
the immune environment on cancer-associated
lymphatic phenotypes and functions also needs
to be considered. The next challenge will there-
fore be to assess the role of lymphatic vessels in
models that recapitulate specific cancer sub-
types or the metastatic site microenvironment
to uncover clinically relevant cancer vulner-
abilities. Additional approaches for initiating
or reinvigorating antitumor immune responses
could include modification of the sentinel
LN microenvironment through direct tumor-
draining LNdelivery and vaccination strategies
(150), design of implantable tumor-reactive ar-
tificial lymphoid structures (151), or therapeutic
promotion of tumor tertiary lymphoid struc-
tures (152, 153).
Lymph carries organ-derived metabolic

products, growth factors, cytokines, and im-
mune cells. It represents an undiluted signature
of the tissue-specific microenvironment (131)

and as such is an invaluable source of information
about organ status and disease progression.
Development of methods for lymph-based
phenotyping may offer new approaches for
diagnostics in, for example, neurodegenera-
tive and neuroinflammatory conditions or for
stratification of patients for treatment, as in
the context of cancer immunotherapy.

REFERENCES AND NOTES

1. N. Escobedo, G. Oliver, Lymphangiogenesis: Origin, specification,
and cell fate determination. Annu. Rev. Cell Dev. Biol. 32,
677–691 (2016). doi: 10.1146/annurev-cellbio-111315-124944;
pmid: 27298093

2. K. Alitalo, The lymphatic vasculature in disease. Nat. Med. 17,
1371–1380 (2011). doi: 10.1038/nm.2545; pmid: 22064427

3. B. W. Wong et al., The role of fatty acid b-oxidation in
lymphangiogenesis. Nature 542, 49–54 (2017). doi: 10.1038/
nature21028; pmid: 28024299

4. P. Yu et al., FGF-dependent metabolic control of vascular
development. Nature 545, 224–228 (2017). doi: 10.1038/
nature22322; pmid: 28467822

5. H. Nurmi et al., VEGF-C is required for intestinal lymphatic
vessel maintenance and lipid absorption. EMBO Mol. Med. 7,
1418–1425 (2015). doi: 10.15252/emmm.201505731;
pmid: 26459520

6. S. Antila et al., Development and plasticity of meningeal
lymphatic vessels. J. Exp. Med. 214, 3645–3667 (2017).
doi: 10.1084/jem.20170391; pmid: 29141865

7. S. H. Suh et al., Gut microbiota regulates lacteal integrity by
inducing VEGF-C in intestinal villus macrophages. EMBO Rep.
20, e46927 (2019). doi: 10.15252/embr.201846927;
pmid: 30783017

8. C. Mauri, G. Wang, S. Schulte-Merker, From fish embryos
to human patients: Lymphangiogenesis in development
and disease. Curr. Opin. Immunol. 53, 167–172 (2018).
doi: 10.1016/j.coi.2018.05.003; pmid: 29800868

9. S. K. Jha et al., KLK3/PSA and cathepsin D activate VEGF-C
and VEGF-D. eLife 8, e44478 (2019). doi: 10.7554/
eLife.44478; pmid: 31099754

10. P. Baluk et al., Functionally specialized junctions between
endothelial cells of lymphatic vessels. J. Exp. Med. 204,
2349–2362 (2007). doi: 10.1084/jem.20062596; pmid: 17846148

11. E. J. Gordon et al., Macrophages define dermal lymphatic
vessel calibre during development by regulating lymphatic
endothelial cell proliferation. Development 137, 3899–3910
(2010). doi: 10.1242/dev.050021; pmid: 20978081

12. S. Ivanov et al., CCR7 and IRF4-dependent dendritic cells
regulate lymphatic collecting vessel permeability. J. Clin.
Invest. 126, 1581–1591 (2016). doi: 10.1172/JCI84518;
pmid: 26999610

13. R. Evans et al., Integrin-mediated macrophage adhesion
promotes lymphovascular dissemination in breast cancer.
Cell Rep. 27, 1967–1978.e4 (2019). doi: 10.1016/
j.celrep.2019.04.076; pmid: 31091437

14. P. Bieniasz-Krzywiec et al., Podoplanin-expressing macrophages
promote lymphangiogenesis and lymphoinvasion in breast
cancer. Cell Metab. 30, 917–936.e10 (2019). doi: 10.1016/
j.cmet.2019.07.015; pmid: 31447322

15. K. Shin et al., TH2 cells and their cytokines regulate
formation and function of lymphatic vessels. Nat. Commun.
6, 6196 (2015). doi: 10.1038/ncomms7196; pmid: 25648335

16. E. Gousopoulos et al., Regulatory T cell transfer ameliorates
lymphedema and promotes lymphatic vessel function.
JCI Insight 1, e89081 (2016). doi: 10.1172/jci.insight.89081;
pmid: 27734032

17. O. A. Stone, D. Y. R. Stainier, Paraxial mesoderm is the major
source of lymphatic endothelium. Dev. Cell 50, 247–255.e3
(2019). doi: 10.1016/j.devcel.2019.04.034; pmid: 31130354

18. I. Martinez-Corral et al., Nonvenous origin of dermal
lymphatic vasculature. Circ. Res. 116, 1649–1654 (2015).
doi: 10.1161/CIRCRESAHA.116.306170; pmid: 25737499

19. L. Stanczuk et al., cKit lineage hemogenic endothelium-
derived cells contribute to mesenteric lymphatic vessels.
Cell Rep. 10, 1708–1721 (2015). doi: 10.1016/
j.celrep.2015.02.026; pmid: 25772358

20. H. Cho et al., YAP and TAZ negatively regulate prox1 during
developmental and pathologic lymphangiogenesis. Circ. Res.
124, 225–242 (2019). doi: 10.1161/CIRCRESAHA.118.313707;
pmid: 30582452

21. L. Planas-Paz et al., Mechanoinduction of lymph vessel
expansion. EMBO J. 31, 788–804 (2012). doi: 10.1038/
emboj.2011.456; pmid: 22157817

22. S. Urner et al., Identification of ILK as a critical regulator of
VEGFR3 signalling and lymphatic vascular growth. EMBO J. 38,
e99322 (2019). doi: 10.15252/embj.201899322; pmid: 30518533

23. A. Sabine et al., Mechanotransduction, PROX1, and FOXC2
cooperate to control connexin37 and calcineurin during
lymphatic-valve formation. Dev. Cell 22, 430–445 (2012).
doi: 10.1016/j.devcel.2011.12.020; pmid: 22306086

24. S. Schulte-Merker, A. Sabine, T. V. Petrova, Lymphatic
vascular morphogenesis in development, physiology, and
disease. J. Cell Biol. 193, 607–618 (2011). doi: 10.1083/
jcb.201012094; pmid: 21576390

25. C. Norrmén et al., FOXC2 controls formation and maturation
of lymphatic collecting vessels through cooperation with
NFATc1. J. Cell Biol. 185, 439–457 (2009). doi: 10.1083/
jcb.200901104; pmid: 19398761

26. J. Kazenwadel et al., GATA2 is required for lymphatic vessel
valve development and maintenance. J. Clin. Invest. 125,
2979–2994 (2015). doi: 10.1172/JCI78888; pmid: 26214525

27. A. Sabine et al., FOXC2 and fluid shear stress stabilize
postnatal lymphatic vasculature. J. Clin. Invest. 125,
3861–3877 (2015). doi: 10.1172/JCI80454; pmid: 26389677

28. Y. Wang et al., Smooth muscle cell recruitment to lymphatic
vessels requires PDGFB and impacts vessel size but not
identity. Development 144, 3590–3601 (2017). doi: 10.1242/
dev.147967; pmid: 28851707

29. M. Potente, T. Mäkinen, Vascular heterogeneity and specialization
in development and disease. Nat. Rev. Mol. Cell Biol. 18,
477–494 (2017). doi: 10.1038/nrm.2017.36; pmid: 28537573

30. M. H. Ulvmar, T. Mäkinen, Heterogeneity in the lymphatic
vascular system and its origin. Cardiovasc. Res. 111, 310–321
(2016). doi: 10.1093/cvr/cvw175; pmid: 27357637

31. E. Brakenhielm, K. Alitalo, Cardiac lymphatics in health and
disease. Nat. Rev. Cardiol. 16, 56–68 (2019). doi: 10.1038/
s41569-018-0087-8; pmid: 30333526

32. J. Bernier-Latmani, T. V. Petrova, Intestinal lymphatic
vasculature: Structure, mechanisms and functions. Nat. Rev.
Gastroenterol. Hepatol. 14, 510–526 (2017). doi: 10.1038/
nrgastro.2017.79; pmid: 28655884

33. T. V. Petrova, G. Y. Koh, Organ-specific lymphatic vasculature:
From development to pathophysiology. J. Exp. Med. 215, 35–49
(2018). doi: 10.1084/jem.20171868; pmid: 29242199

34. M. F. Vondenhoff et al., Lymph sacs are not required for the
initiation of lymph node formation. Development 136, 29–34
(2009). doi: 10.1242/dev.028456; pmid: 19060331

35. Y. G. Lee, G. Y. Koh, Coordinated lymphangiogenesis is
critical in lymph node development and maturation. Dev. Dyn.
245, 1189–1197 (2016). doi: 10.1002/dvdy.24456;
pmid: 27623309

36. E. Bovay et al., Multiple roles of lymphatic vessels in peripheral
lymph node development. J. Exp. Med. 215, 2760–2777
(2018). doi: 10.1084/jem.20180217; pmid: 30355615

37. L. Onder et al., Lymphatic endothelial cells control initiation
of lymph node organogenesis. Immunity 47, 80–92.e4
(2017). doi: 10.1016/j.immuni.2017.05.008; pmid: 28709801

38. A. Camara et al., Lymph node mesenchymal and endothelial
stromal cells cooperate via the RANK-RANKL cytokine axis
to shape the sinusoidal macrophage niche. Immunity 50,
1467–1481.e6 (2019). doi: 10.1016/j.immuni.2019.05.008;
pmid: 31201093

39. J. N. Cohen et al., Tolerogenic properties of lymphatic
endothelial cells are controlled by the lymph node
microenvironment. PLOS ONE 9, e87740 (2014).
doi: 10.1371/journal.pone.0087740; pmid: 24503860

40. I. Iftakhar-E-Khuda et al., Gene-expression profiling of
different arms of lymphatic vasculature identifies candidates
for manipulation of cell traffic. Proc. Natl. Acad. Sci. U.S.A.
113, 10643–10648 (2016). doi: 10.1073/pnas.1602357113;
pmid: 27601677

41. G. J. Randolph, S. Ivanov, B. H. Zinselmeyer, J. P. Scallan,
The lymphatic system: Integral roles in immunity. Annu. Rev.
Immunol. 35, 31–52 (2017). doi: 10.1146/annurev-immunol-
041015-055354; pmid: 27860528

42. A. Takeda et al., Single-cell survey of human lymphatics
unveils marked endothelial cell heterogeneity and
mechanisms of homing for neutrophils. Immunity 51,
561–572.e5 (2019).
doi: 10.1016/j.immuni.2019.06.027; pmid: 31402260

43. M. H. Ulvmar et al., The atypical chemokine receptor
CCRL1 shapes functional CCL21 gradients in lymph nodes.
Nat. Immunol. 15, 623–630 (2014). doi: 10.1038/ni.2889;
pmid: 24813163

Petrova et al., Science 369, eaax4063 (2020) 10 July 2020 9 of 11

RESEARCH | REVIEW
on July 13, 2020
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://dx.doi.org/10.1146/annurev-cellbio-111315-124944
http://www.ncbi.nlm.nih.gov/pubmed/27298093
http://dx.doi.org/10.1038/nm.2545
http://www.ncbi.nlm.nih.gov/pubmed/22064427
http://dx.doi.org/10.1038/nature21028
http://dx.doi.org/10.1038/nature21028
http://www.ncbi.nlm.nih.gov/pubmed/28024299
http://dx.doi.org/10.1038/nature22322
http://dx.doi.org/10.1038/nature22322
http://www.ncbi.nlm.nih.gov/pubmed/28467822
http://dx.doi.org/10.15252/emmm.201505731
http://www.ncbi.nlm.nih.gov/pubmed/26459520
http://dx.doi.org/10.1084/jem.20170391
http://www.ncbi.nlm.nih.gov/pubmed/29141865
http://dx.doi.org/10.15252/embr.201846927
http://www.ncbi.nlm.nih.gov/pubmed/30783017
http://dx.doi.org/10.1016/j.coi.2018.05.003
http://www.ncbi.nlm.nih.gov/pubmed/29800868
http://dx.doi.org/10.7554/eLife.44478
http://dx.doi.org/10.7554/eLife.44478
http://www.ncbi.nlm.nih.gov/pubmed/31099754
http://dx.doi.org/10.1084/jem.20062596
http://www.ncbi.nlm.nih.gov/pubmed/17846148
http://dx.doi.org/10.1242/dev.050021
http://www.ncbi.nlm.nih.gov/pubmed/20978081
http://dx.doi.org/10.1172/JCI84518
http://www.ncbi.nlm.nih.gov/pubmed/26999610
http://dx.doi.org/10.1016/j.celrep.2019.04.076
http://dx.doi.org/10.1016/j.celrep.2019.04.076
http://www.ncbi.nlm.nih.gov/pubmed/31091437
http://dx.doi.org/10.1016/j.cmet.2019.07.015
http://dx.doi.org/10.1016/j.cmet.2019.07.015
http://www.ncbi.nlm.nih.gov/pubmed/31447322
http://dx.doi.org/10.1038/ncomms7196
http://www.ncbi.nlm.nih.gov/pubmed/25648335
http://dx.doi.org/10.1172/jci.insight.89081
http://www.ncbi.nlm.nih.gov/pubmed/27734032
http://dx.doi.org/10.1016/j.devcel.2019.04.034
http://www.ncbi.nlm.nih.gov/pubmed/31130354
http://dx.doi.org/10.1161/CIRCRESAHA.116.306170
http://www.ncbi.nlm.nih.gov/pubmed/25737499
http://dx.doi.org/10.1016/j.celrep.2015.02.026
http://dx.doi.org/10.1016/j.celrep.2015.02.026
http://www.ncbi.nlm.nih.gov/pubmed/25772358
http://dx.doi.org/10.1161/CIRCRESAHA.118.313707
http://www.ncbi.nlm.nih.gov/pubmed/30582452
http://dx.doi.org/10.1038/emboj.2011.456
http://dx.doi.org/10.1038/emboj.2011.456
http://www.ncbi.nlm.nih.gov/pubmed/22157817
http://dx.doi.org/10.15252/embj.201899322
http://www.ncbi.nlm.nih.gov/pubmed/30518533
http://dx.doi.org/10.1016/j.devcel.2011.12.020
http://www.ncbi.nlm.nih.gov/pubmed/22306086
http://dx.doi.org/10.1083/jcb.201012094
http://dx.doi.org/10.1083/jcb.201012094
http://www.ncbi.nlm.nih.gov/pubmed/21576390
http://dx.doi.org/10.1083/jcb.200901104
http://dx.doi.org/10.1083/jcb.200901104
http://www.ncbi.nlm.nih.gov/pubmed/19398761
http://dx.doi.org/10.1172/JCI78888
http://www.ncbi.nlm.nih.gov/pubmed/26214525
http://dx.doi.org/10.1172/JCI80454
http://www.ncbi.nlm.nih.gov/pubmed/26389677
http://dx.doi.org/10.1242/dev.147967
http://dx.doi.org/10.1242/dev.147967
http://www.ncbi.nlm.nih.gov/pubmed/28851707
http://dx.doi.org/10.1038/nrm.2017.36
http://www.ncbi.nlm.nih.gov/pubmed/28537573
http://dx.doi.org/10.1093/cvr/cvw175
http://www.ncbi.nlm.nih.gov/pubmed/27357637
http://dx.doi.org/10.1038/s41569-018-0087-8
http://dx.doi.org/10.1038/s41569-018-0087-8
http://www.ncbi.nlm.nih.gov/pubmed/30333526
http://dx.doi.org/10.1038/nrgastro.2017.79
http://dx.doi.org/10.1038/nrgastro.2017.79
http://www.ncbi.nlm.nih.gov/pubmed/28655884
http://dx.doi.org/10.1084/jem.20171868
http://www.ncbi.nlm.nih.gov/pubmed/29242199
http://dx.doi.org/10.1242/dev.028456
http://www.ncbi.nlm.nih.gov/pubmed/19060331
http://dx.doi.org/10.1002/dvdy.24456
http://www.ncbi.nlm.nih.gov/pubmed/27623309
http://dx.doi.org/10.1084/jem.20180217
http://www.ncbi.nlm.nih.gov/pubmed/30355615
http://dx.doi.org/10.1016/j.immuni.2017.05.008
http://www.ncbi.nlm.nih.gov/pubmed/28709801
http://dx.doi.org/10.1016/j.immuni.2019.05.008
http://www.ncbi.nlm.nih.gov/pubmed/31201093
http://dx.doi.org/10.1371/journal.pone.0087740
http://www.ncbi.nlm.nih.gov/pubmed/24503860
http://dx.doi.org/10.1073/pnas.1602357113
http://www.ncbi.nlm.nih.gov/pubmed/27601677
http://dx.doi.org/10.1146/annurev-immunol-041015-055354
http://dx.doi.org/10.1146/annurev-immunol-041015-055354
http://www.ncbi.nlm.nih.gov/pubmed/27860528
http://dx.doi.org/10.1016/j.immuni.2019.06.027
http://www.ncbi.nlm.nih.gov/pubmed/31402260
http://dx.doi.org/10.1038/ni.2889
http://www.ncbi.nlm.nih.gov/pubmed/24813163
http://science.sciencemag.org/


44. P. Rantakari et al., The endothelial protein PLVAP in
lymphatics controls the entry of lymphocytes and antigens
into lymph nodes. Nat. Immunol. 16, 386–396 (2015).
doi: 10.1038/ni.3101; pmid: 25665101

45. C. D. Commerford et al., Mechanisms of tumor-induced
lymphovascular niche formation in draining lymph nodes.
Cell Rep. 25, 3554–3563.e4 (2018). doi: 10.1016/
j.celrep.2018.12.002; pmid: 30590031

46. J. N. Cohen et al., Lymph node-resident lymphatic endothelial
cells mediate peripheral tolerance via Aire-independent
direct antigen presentation. J. Exp. Med. 207, 681–688
(2010). doi: 10.1084/jem.20092465; pmid: 20308365

47. E. D. Lucas et al., Type 1 IFN and PD-L1 Coordinate lymphatic
endothelial cell expansion and contraction during an
inflammatory immune response. J. Immunol. 201, 1735–1747
(2018). doi: 10.4049/jimmunol.1800271; pmid: 30045970

48. R. S. Lane et al., IFNg-activated dermal lymphatic vessels
inhibit cytotoxic T cells in melanoma and inflamed skin.
J. Exp. Med. 215, 3057–3074 (2018). doi: 10.1084/
jem.20180654; pmid: 30381467

49. S. J. Rouhani et al., Roles of lymphatic endothelial cells
expressing peripheral tissue antigens in CD4 T-cell tolerance
induction. Nat. Commun. 6, 6771 (2015). doi: 10.1038/
ncomms7771; pmid: 25857745

50. J. Dubrot et al., Lymph node stromal cells acquire peptide-
MHCII complexes from dendritic cells and induce antigen-
specific CD4+ T cell tolerance. J. Exp. Med. 211, 1153–1166
(2014). doi: 10.1084/jem.20132000; pmid: 24842370

51. V. Triacca, E. Güç, W. W. Kilarski, M. Pisano, M. A. Swartz,
Transcellular pathways in lymphatic endothelial cells regulate
changes in solute transport by fluid stress. Circ. Res. 120,
1440–1452 (2017). doi: 10.1161/CIRCRESAHA.116.309828;
pmid: 28130294

52. L. Kähäri et al., Transcytosis route mediates rapid delivery
of intact antibodies to draining lymph nodes. J. Clin. Invest.
129, 3086–3102 (2019). doi: 10.1172/JCI125740;
pmid: 31232704

53. S. Hirosue et al., Steady-state antigen scavenging, cross-
presentation, and CD8+ T cell priming: A new role for
lymphatic endothelial cells. J. Immunol. 192, 5002–5011
(2014). doi: 10.4049/jimmunol.1302492; pmid: 24795456

54. R. M. Kedl et al., Migratory dendritic cells acquire and present
lymphatic endothelial cell-archived antigens during lymph
node contraction. Nat. Commun. 8, 2034 (2017).
doi: 10.1038/s41467-017-02247-z; pmid: 29229919

55. B. A. Tamburini, M. A. Burchill, R. M. Kedl, Antigen capture
and archiving by lymphatic endothelial cells following
vaccination or viral infection. Nat. Commun. 5, 3989 (2014).
doi: 10.1038/ncomms4989; pmid: 24905362

56. K. Yanagida, T. Hla, Vascular and immunobiology of the
circulatory sphingosine 1-phosphate gradient. Annu. Rev.
Physiol. 79, 67–91 (2017). doi: 10.1146/annurev-physiol-
021014-071635; pmid: 27813829

57. T. H. Pham et al., Lymphatic endothelial cell sphingosine
kinase activity is required for lymphocyte egress and
lymphatic patterning. J. Exp. Med. 207, 17–27 (2010).
doi: 10.1084/jem.20091619; pmid: 20026661

58. V. Fang et al., Gradients of the signaling lipid S1P in lymph
nodes position natural killer cells and regulate their
interferon-g response. Nat. Immunol. 18, 15–25 (2017).
doi: 10.1038/ni.3619; pmid: 27841869

59. A. Mendoza et al., Lymphatic endothelial S1P promotes
mitochondrial function and survival in naive T cells.
Nature 546, 158–161 (2017). doi: 10.1038/nature22352;
pmid: 28538737

60. Y. Xiong et al., CD4 T cell sphingosine 1-phosphate receptor
(S1PR)1 and S1PR4 and endothelial S1PR2 regulate afferent
lymphatic migration. Sci. Immunol. 4, eaav1263 (2019).
doi: 10.1126/sciimmunol.aav1263; pmid: 30877143

61. Y. Hisano et al., Lysolipid receptor cross-talk regulates
lymphatic endothelial junctions in lymph nodes. J. Exp. Med.
216, 1582–1598 (2019). doi: 10.1084/jem.20181895;
pmid: 31147448

62. I. Mondor et al., Lymphatic endothelial cells are essential
components of the subcapsular sinus macrophage niche.
Immunity 50, 1453–1466.e4 (2019). doi: 10.1016/
j.immuni.2019.04.002; pmid: 31053503

63. J. Bernier-Latmani et al., DLL4 promotes continuous adult
intestinal lacteal regeneration and dietary fat transport.
J. Clin. Invest. 125, 4572–4586 (2015). doi: 10.1172/
JCI82045; pmid: 26529256

64. K. E. Kim, H. K. Sung, G. Y. Koh, Lymphatic development in
mouse small intestine. Dev. Dyn. 236, 2020–2025 (2007).
doi: 10.1002/dvdy.21200; pmid: 17576138

65. J. Hatch, Y. S. Mukouyama, Spatiotemporal mapping of
vascularization and innervation in the fetal murine intestine.
Dev. Dyn. 244, 56–68 (2015). doi: 10.1002/dvdy.24178;
pmid: 25138596

66. J. Y. Jang et al., Conditional ablation of LYVE-1+ cells unveils
defensive roles of lymphatic vessels in intestine and lymph
nodes. Blood 122, 2151–2161 (2013). doi: 10.1182/
blood-2013-01-478941; pmid: 23836558

67. P. E. Lapinski et al., RASA1 maintains the lymphatic
vasculature in a quiescent functional state in mice.
J. Clin. Invest. 122, 733–747 (2012). doi: 10.1172/JCI46116;
pmid: 22232212

68. X. Liu et al., Temporal and spatial regulation of epsin
abundance and VEGFR3 signaling are required for lymphatic
valve formation and function. Sci. Signal. 7, ra97 (2014).
doi: 10.1126/scisignal.2005413; pmid: 25314967

69. P. Saharinen et al., Claudin-like protein 24 interacts with the
VEGFR-2 and VEGFR-3 pathways and regulates lymphatic
vessel development. Genes Dev. 24, 875–880 (2010).
doi: 10.1101/gad.565010; pmid: 20439428

70. M. Alders et al., Mutations in CCBE1 cause generalized lymph
vessel dysplasia in humans. Nat. Genet. 41, 1272–1274
(2009). doi: 10.1038/ng.484; pmid: 19935664

71. R. B. Davis, D. O. Kechele, E. S. Blakeney, J. B. Pawlak,
K. M. Caron, Lymphatic deletion of calcitonin receptor-like
receptor exacerbates intestinal inflammation. JCI Insight 2,
e92465 (2017). doi: 10.1172/jci.insight.92465;
pmid: 28352669

72. D. I. Mackie et al., hCALCRL mutation causes autosomal
recessive nonimmune hydrops fetalis with lymphatic
dysplasia. J. Exp. Med. 215, 2339–2353 (2018). doi: 10.1084/
jem.20180528; pmid: 30115739

73. F. Zhang et al., Lacteal junction zippering protects against
diet-induced obesity. Science 361, 599–603 (2018).
doi: 10.1126/science.aap9331; pmid: 30093598

74. R. Hägerling et al., Distinct roles of VE-cadherin for development
and maintenance of specific lymph vessel beds. EMBO J. 37,
e98271 (2018). doi: 10.15252/embj.201798271; pmid: 30297530

75. K. Choe et al., Intravital imaging of intestinal lacteals unveils
lipid drainage through contractility. J. Clin. Invest. 125,
4042–4052 (2015). doi: 10.1172/JCI76509; pmid: 26436648

76. J. Bernier-Latmani, T. V. Petrova, High-resolution 3D analysis
of mouse small-intestinal stroma. Nat. Protoc. 11, 1617–1629
(2016). doi: 10.1038/nprot.2016.092; pmid: 27560169

77. D. P. Poole et al., Feeding-dependent activation of enteric
cells and sensory neurons by lymphatic fluid: Evidence for a
neurolymphocrine system. Am. J. Physiol. Gastrointest. Liver
Physiol. 306, G686–G698 (2014). doi: 10.1152/
ajpgi.00433.2013; pmid: 24578341

78. S. B. Bachmann et al., A distinct role of the autonomic
nervous system in modulating the function of lymphatic
vessels under physiological and tumor-draining conditions.
Cell Rep. 27, 3305–3314.e13 (2019). doi: 10.1016/
j.celrep.2019.05.050; pmid: 31189113

79. O. Pabst, A. M. Mowat, Oral tolerance to food protein.
Mucosal Immunol. 5, 232–239 (2012). doi: 10.1038/mi.2012.4;
pmid: 22318493

80. R. J. Cummings et al., Different tissue phagocytes sample
apoptotic cells to direct distinct homeostasis programs.
Nature 539, 565–569 (2016). doi: 10.1038/nature20138;
pmid: 27828940

81. Y. Huang et al., S1P-dependent interorgan trafficking of
group 2 innate lymphoid cells supports host defense.
Science 359, 114–119 (2018). doi: 10.1126/science.aam5809;
pmid: 29302015

82. C. F. Krebs et al., Autoimmune renal disease is exacerbated
by S1P-receptor-1-dependent intestinal Th17 cell migration
to the kidney. Immunity 45, 1078–1092 (2016). doi: 10.1016/
j.immuni.2016.10.020; pmid: 27851911

83. E. C. Mackley et al., CCR7-dependent trafficking of RORg+

ILCs creates a unique microenvironment within mucosal
draining lymph nodes. Nat. Commun. 6, 5862 (2015).
doi: 10.1038/ncomms6862; pmid: 25575242

84. D. Esterházy et al., Compartmentalized gut lymph node
drainage dictates adaptive immune responses. Nature
569, 126–130 (2019). doi: 10.1038/s41586-019-1125-3;
pmid: 30988509

85. B. A. Plog, M. Nedergaard, The glymphatic system in central
nervous system health and disease: past, present, and
future. Annu. Rev. Pathol. 13, 379–394 (2018). doi: 10.1146/
annurev-pathol-051217-111018; pmid: 29195051

86. J. J. Iliff et al., A paravascular pathway facilitates CSF flow
through the brain parenchyma and the clearance of
interstitial solutes, including amyloid b. Sci. Transl. Med. 4,

147ra111 (2012). doi: 10.1126/scitranslmed.3003748;
pmid: 22896675

87. M. K. Rasmussen, H. Mestre, M. Nedergaard, The glymphatic
pathway in neurological disorders. Lancet Neurol. 17,
1016–1024 (2018). doi: 10.1016/S1474-4422(18)30318-1;
pmid: 30353860

88. E. N. Bakker et al., Lymphatic clearance of the brain:
Perivascular, paravascular and significance for
neurodegenerative diseases. Cell. Mol. Neurobiol. 36, 181–194
(2016). doi: 10.1007/s10571-015-0273-8; pmid: 26993512

89. A. Aspelund et al., A dural lymphatic vascular system that
drains brain interstitial fluid and macromolecules. J. Exp. Med.
212, 991–999 (2015). doi: 10.1084/jem.20142290;
pmid: 26077718

90. A. Louveau et al., Structural and functional features of central
nervous system lymphatic vessels. Nature 523, 337–341
(2015). doi: 10.1038/nature14432; pmid: 26030524

91. Q. Ma, B. V. Ineichen, M. Detmar, S. T. Proulx, Outflow of
cerebrospinal fluid is predominantly through lymphatic
vessels and is reduced in aged mice. Nat. Commun. 8, 1434
(2017). doi: 10.1038/s41467-017-01484-6; pmid: 29127332

92. S. Da Mesquita et al., Functional aspects of meningeal
lymphatics in ageing and Alzheimer’s disease. Nature 560,
185–191 (2018). doi: 10.1038/s41586-018-0368-8;
pmid: 30046111

93. M. Absinta et al., Human and nonhuman primate meninges
harbor lymphatic vessels that can be visualized noninvasively
by MRI. eLife 6, e29738 (2017). doi: 10.7554/eLife.29738;
pmid: 28971799

94. A. Louveau et al., CNS lymphatic drainage and neuroinflammation
are regulated by meningeal lymphatic vasculature. Nat. Neurosci.
21, 1380–1391 (2018). doi: 10.1038/s41593-018-0227-9;
pmid: 30224810

95. R. M. Izen, T. Yamazaki, Y. Nishinaka-Arai, Y. K. Hong,
Y. S. Mukouyama, Postnatal development of lymphatic
vasculature in the brain meninges. Dev. Dyn. 247, 741–753
(2018). doi: 10.1002/dvdy.24624; pmid: 29493038

96. J. H. Ahn et al., Meningeal lymphatic vessels at the skull base
drain cerebrospinal fluid. Nature 572, 62–66 (2019).
doi: 10.1038/s41586-019-1419-5; pmid: 31341278

97. T. K. Patel et al., Dural lymphatics regulate clearance of
extracellular tau from the CNS. Mol. Neurodegener. 14, 11
(2019). doi: 10.1186/s13024-019-0312-x; pmid: 30813965

98. M. Hsu et al., Neuroinflammation-induced lymphangiogenesis
near the cribriform plate contributes to drainage of CNS-
derived antigens and immune cells. Nat. Commun. 10, 229
(2019). doi: 10.1038/s41467-018-08163-0; pmid: 30651548

99. L. Jacob et al., Anatomy and function of the vertebral column
lymphatic network in mice. Nat. Commun. 10, 4594 (2019).
doi: 10.1038/s41467-019-12568-w; pmid: 31597914

100. Q. Ma, Y. Decker, A. Müller, B. V. Ineichen, S. T. Proulx,
Clearance of cerebrospinal fluid from the sacral spine
through lymphatic vessels. J. Exp. Med. 216, 2492–2502
(2019). doi: 10.1084/jem.20190351; pmid: 31455602

101. T. Sunderland et al., Decreased beta-amyloid1-42 and
increased tau levels in cerebrospinal fluid of patients with
Alzheimer disease. JAMA 289, 2094–2103 (2003).
doi: 10.1001/jama.289.16.2094; pmid: 12709467

102. R. Cai et al., Panoptic imaging of transparent mice reveals
whole-body neuronal projections and skull-meninges
connections. Nat. Neurosci. 22, 317–327 (2019).
doi: 10.1038/s41593-018-0301-3; pmid: 30598527

103. F. Herisson et al., Direct vascular channels connect skull bone
marrow and the brain surface enabling myeloid cell
migration. Nat. Neurosci. 21, 1209–1217 (2018). doi: 10.1038/
s41593-018-0213-2; pmid: 30150661

104. A. Aspelund et al., The Schlemm’s canal is a VEGF-C/VEGFR-
3-responsive lymphatic-like vessel. J. Clin. Invest. 124,
3975–3986 (2014). doi: 10.1172/JCI75395; pmid: 25061878

105. D. Y. Park et al., Lymphatic regulator PROX1 determines
Schlemm’s canal integrity and identity. J. Clin. Invest. 124,
3960–3974 (2014). doi: 10.1172/JCI75392; pmid: 25061877

106. K. Kizhatil, M. Ryan, J. K. Marchant, S. Henrich, S. W. John,
Schlemm’s canal is a unique vessel with a combination of
blood vascular and lymphatic phenotypes that forms by a
novel developmental process. PLOS Biol. 12, e1001912
(2014). doi: 10.1371/journal.pbio.1001912; pmid: 25051267

107. B. R. Thomson et al., Angiopoietin-1 is required for Schlemm’s
canal development in mice and humans. J. Clin. Invest. 127,
4421–4436 (2017). doi: 10.1172/JCI95545; pmid: 29106382

108. J. Kim et al., Impaired angiopoietin/Tie2 signaling
compromises Schlemm’s canal integrity and induces
glaucoma. J. Clin. Invest. 127, 3877–3896 (2017).
doi: 10.1172/JCI94668; pmid: 28920924

Petrova et al., Science 369, eaax4063 (2020) 10 July 2020 10 of 11

RESEARCH | REVIEW
on July 13, 2020
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://dx.doi.org/10.1038/ni.3101
http://www.ncbi.nlm.nih.gov/pubmed/25665101
http://dx.doi.org/10.1016/j.celrep.2018.12.002
http://dx.doi.org/10.1016/j.celrep.2018.12.002
http://www.ncbi.nlm.nih.gov/pubmed/30590031
http://dx.doi.org/10.1084/jem.20092465
http://www.ncbi.nlm.nih.gov/pubmed/20308365
http://dx.doi.org/10.4049/jimmunol.1800271
http://www.ncbi.nlm.nih.gov/pubmed/30045970
http://dx.doi.org/10.1084/jem.20180654
http://dx.doi.org/10.1084/jem.20180654
http://www.ncbi.nlm.nih.gov/pubmed/30381467
http://dx.doi.org/10.1038/ncomms7771
http://dx.doi.org/10.1038/ncomms7771
http://www.ncbi.nlm.nih.gov/pubmed/25857745
http://dx.doi.org/10.1084/jem.20132000
http://www.ncbi.nlm.nih.gov/pubmed/24842370
http://dx.doi.org/10.1161/CIRCRESAHA.116.309828
http://www.ncbi.nlm.nih.gov/pubmed/28130294
http://dx.doi.org/10.1172/JCI125740
http://www.ncbi.nlm.nih.gov/pubmed/31232704
http://dx.doi.org/10.4049/jimmunol.1302492
http://www.ncbi.nlm.nih.gov/pubmed/24795456
http://dx.doi.org/10.1038/s41467-017-02247-z
http://www.ncbi.nlm.nih.gov/pubmed/29229919
http://dx.doi.org/10.1038/ncomms4989
http://www.ncbi.nlm.nih.gov/pubmed/24905362
http://dx.doi.org/10.1146/annurev-physiol-021014-071635
http://dx.doi.org/10.1146/annurev-physiol-021014-071635
http://www.ncbi.nlm.nih.gov/pubmed/27813829
http://dx.doi.org/10.1084/jem.20091619
http://www.ncbi.nlm.nih.gov/pubmed/20026661
http://dx.doi.org/10.1038/ni.3619
http://www.ncbi.nlm.nih.gov/pubmed/27841869
http://dx.doi.org/10.1038/nature22352
http://www.ncbi.nlm.nih.gov/pubmed/28538737
http://dx.doi.org/10.1126/sciimmunol.aav1263
http://www.ncbi.nlm.nih.gov/pubmed/30877143
http://dx.doi.org/10.1084/jem.20181895
http://www.ncbi.nlm.nih.gov/pubmed/31147448
http://dx.doi.org/10.1016/j.immuni.2019.04.002
http://dx.doi.org/10.1016/j.immuni.2019.04.002
http://www.ncbi.nlm.nih.gov/pubmed/31053503
http://dx.doi.org/10.1172/JCI82045
http://dx.doi.org/10.1172/JCI82045
http://www.ncbi.nlm.nih.gov/pubmed/26529256
http://dx.doi.org/10.1002/dvdy.21200
http://www.ncbi.nlm.nih.gov/pubmed/17576138
http://dx.doi.org/10.1002/dvdy.24178
http://www.ncbi.nlm.nih.gov/pubmed/25138596
http://dx.doi.org/10.1182/blood-2013-01-478941
http://dx.doi.org/10.1182/blood-2013-01-478941
http://www.ncbi.nlm.nih.gov/pubmed/23836558
http://dx.doi.org/10.1172/JCI46116
http://www.ncbi.nlm.nih.gov/pubmed/22232212
http://dx.doi.org/10.1126/scisignal.2005413
http://www.ncbi.nlm.nih.gov/pubmed/25314967
http://dx.doi.org/10.1101/gad.565010
http://www.ncbi.nlm.nih.gov/pubmed/20439428
http://dx.doi.org/10.1038/ng.484
http://www.ncbi.nlm.nih.gov/pubmed/19935664
http://dx.doi.org/10.1172/jci.insight.92465
http://www.ncbi.nlm.nih.gov/pubmed/28352669
http://dx.doi.org/10.1084/jem.20180528
http://dx.doi.org/10.1084/jem.20180528
http://www.ncbi.nlm.nih.gov/pubmed/30115739
http://dx.doi.org/10.1126/science.aap9331
http://www.ncbi.nlm.nih.gov/pubmed/30093598
http://dx.doi.org/10.15252/embj.201798271
http://www.ncbi.nlm.nih.gov/pubmed/30297530
http://dx.doi.org/10.1172/JCI76509
http://www.ncbi.nlm.nih.gov/pubmed/26436648
http://dx.doi.org/10.1038/nprot.2016.092
http://www.ncbi.nlm.nih.gov/pubmed/27560169
http://dx.doi.org/10.1152/ajpgi.00433.2013
http://dx.doi.org/10.1152/ajpgi.00433.2013
http://www.ncbi.nlm.nih.gov/pubmed/24578341
http://dx.doi.org/10.1016/j.celrep.2019.05.050
http://dx.doi.org/10.1016/j.celrep.2019.05.050
http://www.ncbi.nlm.nih.gov/pubmed/31189113
http://dx.doi.org/10.1038/mi.2012.4
http://www.ncbi.nlm.nih.gov/pubmed/22318493
http://dx.doi.org/10.1038/nature20138
http://www.ncbi.nlm.nih.gov/pubmed/27828940
http://dx.doi.org/10.1126/science.aam5809
http://www.ncbi.nlm.nih.gov/pubmed/29302015
http://dx.doi.org/10.1016/j.immuni.2016.10.020
http://dx.doi.org/10.1016/j.immuni.2016.10.020
http://www.ncbi.nlm.nih.gov/pubmed/27851911
http://dx.doi.org/10.1038/ncomms6862
http://www.ncbi.nlm.nih.gov/pubmed/25575242
http://dx.doi.org/10.1038/s41586-019-1125-3
http://www.ncbi.nlm.nih.gov/pubmed/30988509
http://dx.doi.org/10.1146/annurev-pathol-051217-111018
http://dx.doi.org/10.1146/annurev-pathol-051217-111018
http://www.ncbi.nlm.nih.gov/pubmed/29195051
http://dx.doi.org/10.1126/scitranslmed.3003748
http://www.ncbi.nlm.nih.gov/pubmed/22896675
http://dx.doi.org/10.1016/S1474-4422(18)30318-1
http://www.ncbi.nlm.nih.gov/pubmed/30353860
http://dx.doi.org/10.1007/s10571-015-0273-8
http://www.ncbi.nlm.nih.gov/pubmed/26993512
http://dx.doi.org/10.1084/jem.20142290
http://www.ncbi.nlm.nih.gov/pubmed/26077718
http://dx.doi.org/10.1038/nature14432
http://www.ncbi.nlm.nih.gov/pubmed/26030524
http://dx.doi.org/10.1038/s41467-017-01484-6
http://www.ncbi.nlm.nih.gov/pubmed/29127332
http://dx.doi.org/10.1038/s41586-018-0368-8
http://www.ncbi.nlm.nih.gov/pubmed/30046111
http://dx.doi.org/10.7554/eLife.29738
http://www.ncbi.nlm.nih.gov/pubmed/28971799
http://dx.doi.org/10.1038/s41593-018-0227-9
http://www.ncbi.nlm.nih.gov/pubmed/30224810
http://dx.doi.org/10.1002/dvdy.24624
http://www.ncbi.nlm.nih.gov/pubmed/29493038
http://dx.doi.org/10.1038/s41586-019-1419-5
http://www.ncbi.nlm.nih.gov/pubmed/31341278
http://dx.doi.org/10.1186/s13024-019-0312-x
http://www.ncbi.nlm.nih.gov/pubmed/30813965
http://dx.doi.org/10.1038/s41467-018-08163-0
http://www.ncbi.nlm.nih.gov/pubmed/30651548
http://dx.doi.org/10.1038/s41467-019-12568-w
http://www.ncbi.nlm.nih.gov/pubmed/31597914
http://dx.doi.org/10.1084/jem.20190351
http://www.ncbi.nlm.nih.gov/pubmed/31455602
http://dx.doi.org/10.1001/jama.289.16.2094
http://www.ncbi.nlm.nih.gov/pubmed/12709467
http://dx.doi.org/10.1038/s41593-018-0301-3
http://www.ncbi.nlm.nih.gov/pubmed/30598527
http://dx.doi.org/10.1038/s41593-018-0213-2
http://dx.doi.org/10.1038/s41593-018-0213-2
http://www.ncbi.nlm.nih.gov/pubmed/30150661
http://dx.doi.org/10.1172/JCI75395
http://www.ncbi.nlm.nih.gov/pubmed/25061878
http://dx.doi.org/10.1172/JCI75392
http://www.ncbi.nlm.nih.gov/pubmed/25061877
http://dx.doi.org/10.1371/journal.pbio.1001912
http://www.ncbi.nlm.nih.gov/pubmed/25051267
http://dx.doi.org/10.1172/JCI95545
http://www.ncbi.nlm.nih.gov/pubmed/29106382
http://dx.doi.org/10.1172/JCI94668
http://www.ncbi.nlm.nih.gov/pubmed/28920924
http://science.sciencemag.org/


109. T. Souma et al., Angiopoietin receptor TEK mutations
underlie primary congenital glaucoma with variable
expressivity. J. Clin. Invest. 126, 2575–2587 (2016).
doi: 10.1172/JCI85830; pmid: 27270174

110. Y. Kenig-Kozlovsky et al., Ascending vasa recta are
angiopoietin/Tie2-dependent lymphatic-like vessels. J. Am.
Soc. Nephrol. 29, 1097–1107 (2018). doi: 10.1681/
ASN.2017090962; pmid: 29237738

111. J. B. Pawlak et al., Lymphatic mimicry in maternal endothelial
cells promotes placental spiral artery remodeling. J. Clin.
Invest. 129, 4912–4921 (2019). doi: 10.1172/JCI120446;
pmid: 31415243

112. W. Wilczak et al., Marked prognostic impact of minimal
lymphatic tumor spread in prostate cancer. Eur. Urol. 74,
376–386 (2018). doi: 10.1016/j.eururo.2018.05.034;
pmid: 29908878

113. S. A. Stacker et al., Lymphangiogenesis and lymphatic vessel
remodelling in cancer. Nat. Rev. Cancer 14, 159–172 (2014).
doi: 10.1038/nrc3677; pmid: 24561443

114. L. Garnier, A. O. Gkountidi, S. Hugues, Tumor-associated
lymphatic vessel features and immunomodulatory
functions. Front. Immunol. 10, 720 (2019). doi: 10.3389/
fimmu.2019.00720; pmid: 31024552

115. M. F. Fransen et al., Tumor-draining lymph nodes are pivotal
in PD-1/PD-L1 checkpoint therapy. JCI Insight 3, e124507
(2018). doi: 10.1172/jci.insight.124507; pmid: 30518694

116. H. Salmon et al., Expansion and activation of CD103+

dendritic cell progenitors at the tumor site enhances
tumor responses to therapeutic PD-L1 and BRAF inhibition.
Immunity 44, 924–938 (2016). doi: 10.1016/
j.immuni.2016.03.012; pmid: 27096321

117. J. D. Peske et al., Effector lymphocyte-induced lymph node-
like vasculature enables naive T-cell entry into tumours
and enhanced anti-tumour immunity. Nat. Commun. 6, 7114
(2015). doi: 10.1038/ncomms8114; pmid: 25968334

118. E. D. Thompson, H. L. Enriquez, Y. X. Fu, V. H. Engelhard,
Tumor masses support naive T cell infiltration, activation, and
differentiation into effectors. J. Exp. Med. 207, 1791–1804
(2010). doi: 10.1084/jem.20092454; pmid: 20660615

119. A. W. Lund et al., Lymphatic vessels regulate immune
microenvironments in human and murine melanoma.
J. Clin. Invest. 126, 3389–3402 (2016). doi: 10.1172/
JCI79434; pmid: 27525437

120. M. Fankhauser et al., Tumor lymphangiogenesis promotes
T cell infiltration and potentiates immunotherapy in
melanoma. Sci. Transl. Med. 9, eaal4712 (2017). doi: 10.1126/
scitranslmed.aal4712; pmid: 28904226

121. B. Mlecnik et al., Integrative analyses of colorectal cancer
show immunoscore is a stronger predictor of patient survival
than microsatellite instability. Immunity 44, 698–711 (2016).
doi: 10.1016/j.immuni.2016.02.025; pmid: 26982367

122. N. Bordry et al., Lymphatic vessel density is associated with
CD8+ T cell infiltration and immunosuppressive factors in
human melanoma. OncoImmunology 7, e1462878 (2018).
doi: 10.1080/2162402X.2018.1462878; pmid: 30221058

123. M. Brown et al., Lymph node blood vessels provide exit
routes for metastatic tumor cell dissemination in mice.
Science 359, 1408–1411 (2018). doi: 10.1126/science.
aal3662; pmid: 29567714

124. E. R. Pereira et al., Lymph node metastases can invade local
blood vessels, exit the node, and colonize distant organs in
mice. Science 359, 1403–1407 (2018). doi: 10.1126/science.
aal3622; pmid: 29567713

125. K. Naxerova et al., Origins of lymphatic and distant metastases
in human colorectal cancer. Science 357, 55–60 (2017).
doi: 10.1126/science.aai8515; pmid: 28684519

126. M. B. Faries et al., Completion dissection or observation
for sentinel-node metastasis in melanoma. N. Engl. J. Med.
376, 2211–2222 (2017). doi: 10.1056/NEJMoa1613210;
pmid: 28591523

127. C. K. Lee et al., Tumor metastasis to lymph nodes requires
YAP-dependent metabolic adaptation. Science 363, 644–649
(2019). doi: 10.1126/science.aav0173; pmid: 30733421

128. Q. Ma, L. C. Dieterich, M. Detmar, Multiple roles of lymphatic
vessels in tumor progression. Curr. Opin. Immunol. 53, 7–12
(2018). doi: 10.1016/j.coi.2018.03.018; pmid: 29605736

129. Q. Ma et al., Unexpected contribution of lymphatic vessels
to promotion of distant metastatic tumor spread.
Sci. Adv. 4, eaat4758 (2018). doi: 10.1126/sciadv.aat4758;
pmid: 30101193

130. D. Olmeda et al., Whole-body imaging of lymphovascular
niches identifies pre-metastatic roles of midkine. Nature 546,
676–680 (2017). doi: 10.1038/nature22977; pmid: 28658220

131. M. A. S. Broggi et al., Tumor-associated factors are enriched
in lymphatic exudate compared to plasma in metastatic
melanoma patients. J. Exp. Med. 216, 1091–1107 (2019).
doi: 10.1084/jem.20181618; pmid: 30975896

132. G. Gundem et al., The evolutionary history of lethal
metastatic prostate cancer. Nature 520, 353–357 (2015).
doi: 10.1038/nature14347; pmid: 25830880

133. M. Brown et al., Lymphatic exosomes promote dendritic cell
migration along guidance cues. J. Cell Biol. 217, 2205–2221
(2018). doi: 10.1083/jcb.201612051; pmid: 29650776

134. R. H. Farnsworth, M. G. Achen, S. A. Stacker, The evolving
role of lymphatics in cancer metastasis. Curr. Opin. Immunol.
53, 64–73 (2018). doi: 10.1016/j.coi.2018.04.008; pmid:
29698919

135. L. van der Weyden et al., Genome-wide in vivo screen identifies
novel host regulators of metastatic colonization. Nature 541,
233–236 (2017). doi: 10.1038/nature20792; pmid: 28052056

136. A. R. Harris, M. J. Perez, J. M. Munson, Docetaxel facilitates
lymphatic-tumor crosstalk to promote lymphangiogenesis
and cancer progression. BMC Cancer 18, 718 (2018).
doi: 10.1186/s12885-018-4619-8; pmid: 29976154

137. M. Dufies et al., Sunitinib stimulates expression of VEGFC by
tumor cells and promotes lymphangiogenesis in clear cell
renal cell carcinomas. Cancer Res. 77, 1212–1226 (2017).
doi: 10.1158/0008-5472.CAN-16-3088; pmid: 28087600

138. R. K. Jain, J. D. Martin, T. Stylianopoulos, The role of mechanical
forces in tumor growth and therapy. Annu. Rev. Biomed. Eng.
16, 321–346 (2014). doi: 10.1146/annurev-bioeng-071813-
105259; pmid: 25014786

139. D. F. Quail, J. A. Joyce, Microenvironmental regulation of
tumor progression and metastasis. Nat. Med. 19, 1423–1437
(2013). doi: 10.1038/nm.3394; pmid: 24202395

140. M. De Palma, D. Biziato, T. V. Petrova, Microenvironmental
regulation of tumour angiogenesis. Nat. Rev. Cancer 17,
457–474 (2017). doi: 10.1038/nrc.2017.51; pmid: 28706266

141. Y. Kitadate et al., Competition for mitogens regulates
spermatogenic stem cell homeostasis in an open niche.
Cell Stem Cell 24, 79–92.e6 (2019). doi: 10.1016/
j.stem.2018.11.013; pmid: 30581080

142. D. Peña-Jimenez et al., Lymphatic vessels interact dynamically
with the hair follicle stem cell niche during skin regeneration
in vivo. EMBO J. 38, e101688 (2019). doi: 10.15252/
embj.2019101688; pmid: 31475747

143. S. Gur-Cohen et al., Stem cell-driven lymphatic remodeling
coordinates tissue regeneration. Science 366, 1218–1225
(2019). doi: 10.1126/science.aay4509; pmid: 31672914

144. H. Wiig, M. A. Swartz, Interstitial fluid and lymph formation
and transport: Physiological regulation and roles in
inflammation and cancer. Physiol. Rev. 92, 1005–1060
(2012). doi: 10.1152/physrev.00037.2011; pmid: 22811424

145. W. Pu et al., Genetic targeting of organ-specific blood
vessels. Circ. Res. 123, 86–99 (2018). doi: 10.1161/
CIRCRESAHA.118.312981; pmid: 29764841

146. W. C. Aird, Phenotypic heterogeneity of the endothelium:
I. Structure, function, and mechanisms. Circ. Res. 100,
158–173 (2007). doi: 10.1161/01.RES.0000255691.76142.4a;
pmid: 17272818

147. F. Odoardi et al., T cells become licensed in the lung to enter
the central nervous system. Nature 488, 675–679 (2012).
doi: 10.1038/nature11337; pmid: 22914092

148. D. Duc et al., Disrupting myelin-specific Th17 cell gut homing
confers protection in an adoptive transfer experimental
autoimmune encephalomyelitis. Cell Rep. 29, 378–390.e4
(2019). doi: 10.1016/j.celrep.2019.09.002; pmid: 31597098

149. O. L. Rojas et al., Recirculating intestinal IgA-producing cells
regulate neuroinflammation via IL-10. Cell 176, 610–624.e18
(2019). doi: 10.1016/j.cell.2018.11.035; pmid: 30612739

150. K. Maisel, M. S. Sasso, L. Potin, M. A. Swartz, Exploiting
lymphatic vessels for immunomodulation: Rationale,
opportunities, and challenges. Adv. Drug Deliv. Rev. 114,
43–59 (2017). doi: 10.1016/j.addr.2017.07.005; pmid: 28694027

151. E. Lenti et al., Therapeutic regeneration of lymphatic and
immune cell functions upon lympho-organoid transplantation.
Stem Cell Reports 12, 1260–1268 (2019). doi: 10.1016/
j.stemcr.2019.04.021; pmid: 31155505

152. A. Johansson-Percival et al., De novo induction of intratumoral
lymphoid structures and vessel normalization enhances
immunotherapy in resistant tumors. Nat. Immunol. 18,
1207–1217 (2017). doi: 10.1038/ni.3836; pmid: 28892469

153. E. Allen et al., Combined antiangiogenic and anti-PD-L1
therapy stimulates tumor immunity through HEV formation.
Sci. Transl. Med. 9, eaak9679 (2017). doi: 10.1126/
scitranslmed.aak9679; pmid: 28404866

154. A. Sabine, C. Saygili Demir, T. V. Petrova, Endothelial cell
responses to biomechanical forces in lymphatic vessels.
Antioxid. Redox Signal. 25, 451–465 (2016). doi: 10.1089/
ars.2016.6685; pmid: 27099026

ACKNOWLEDGMENTS

We apologize for not being able to cite all of the original research
articles and related references because of space limitations. We
thank H. Cho for figures; J. Bernier-Latmani for reading the
manuscript and providing the image for the summary page figure;
and M. Davis, M. Matter, and D. Speiser for useful discussions. The
work in the T.V.P. laboratory is supported by the Swiss National
Science Foundation (310030_182637, CRSK-3_190200, and
CR32I3_166326), the Leenards and San Salvatore foundations, and
the Swiss Cancer League (KLS 3406-02-2016 and KFS-4895-08-2019).
The work in the G.Y.K. laboratory is supported by the Human
Frontier Science Program (RGP0034/2016) and the Institute
for Basic Science funded by the Ministry of Science and
Information and Communications Technology, Republic of Korea
(grant IBS-R025-D1).

10.1126/science.aax4063

Petrova et al., Science 369, eaax4063 (2020) 10 July 2020 11 of 11

RESEARCH | REVIEW
on July 13, 2020
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://dx.doi.org/10.1172/JCI85830
http://www.ncbi.nlm.nih.gov/pubmed/27270174
http://dx.doi.org/10.1681/ASN.2017090962
http://dx.doi.org/10.1681/ASN.2017090962
http://www.ncbi.nlm.nih.gov/pubmed/29237738
http://dx.doi.org/10.1172/JCI120446
http://www.ncbi.nlm.nih.gov/pubmed/31415243
http://dx.doi.org/10.1016/j.eururo.2018.05.034
http://www.ncbi.nlm.nih.gov/pubmed/29908878
http://dx.doi.org/10.1038/nrc3677
http://www.ncbi.nlm.nih.gov/pubmed/24561443
http://dx.doi.org/10.3389/fimmu.2019.00720
http://dx.doi.org/10.3389/fimmu.2019.00720
http://www.ncbi.nlm.nih.gov/pubmed/31024552
http://dx.doi.org/10.1172/jci.insight.124507
http://www.ncbi.nlm.nih.gov/pubmed/30518694
http://dx.doi.org/10.1016/j.immuni.2016.03.012
http://dx.doi.org/10.1016/j.immuni.2016.03.012
http://www.ncbi.nlm.nih.gov/pubmed/27096321
http://dx.doi.org/10.1038/ncomms8114
http://www.ncbi.nlm.nih.gov/pubmed/25968334
http://dx.doi.org/10.1084/jem.20092454
http://www.ncbi.nlm.nih.gov/pubmed/20660615
http://dx.doi.org/10.1172/JCI79434
http://dx.doi.org/10.1172/JCI79434
http://www.ncbi.nlm.nih.gov/pubmed/27525437
http://dx.doi.org/10.1126/scitranslmed.aal4712
http://dx.doi.org/10.1126/scitranslmed.aal4712
http://www.ncbi.nlm.nih.gov/pubmed/28904226
http://dx.doi.org/10.1016/j.immuni.2016.02.025
http://www.ncbi.nlm.nih.gov/pubmed/26982367
http://dx.doi.org/10.1080/2162402X.2018.1462878
http://www.ncbi.nlm.nih.gov/pubmed/30221058
http://dx.doi.org/10.1126/science.aal3662
http://dx.doi.org/10.1126/science.aal3662
http://www.ncbi.nlm.nih.gov/pubmed/29567714
http://dx.doi.org/10.1126/science.aal3622
http://dx.doi.org/10.1126/science.aal3622
http://www.ncbi.nlm.nih.gov/pubmed/29567713
http://dx.doi.org/10.1126/science.aai8515
http://www.ncbi.nlm.nih.gov/pubmed/28684519
http://dx.doi.org/10.1056/NEJMoa1613210
http://www.ncbi.nlm.nih.gov/pubmed/28591523
http://dx.doi.org/10.1126/science.aav0173
http://www.ncbi.nlm.nih.gov/pubmed/30733421
http://dx.doi.org/10.1016/j.coi.2018.03.018
http://www.ncbi.nlm.nih.gov/pubmed/29605736
http://dx.doi.org/10.1126/sciadv.aat4758
http://www.ncbi.nlm.nih.gov/pubmed/30101193
http://dx.doi.org/10.1038/nature22977
http://www.ncbi.nlm.nih.gov/pubmed/28658220
http://dx.doi.org/10.1084/jem.20181618
http://www.ncbi.nlm.nih.gov/pubmed/30975896
http://dx.doi.org/10.1038/nature14347
http://www.ncbi.nlm.nih.gov/pubmed/25830880
http://dx.doi.org/10.1083/jcb.201612051
http://www.ncbi.nlm.nih.gov/pubmed/29650776
http://dx.doi.org/10.1016/j.coi.2018.04.008
http://www.ncbi.nlm.nih.gov/pubmed/29698919
http://dx.doi.org/10.1038/nature20792
http://www.ncbi.nlm.nih.gov/pubmed/28052056
http://dx.doi.org/10.1186/s12885-018-4619-8
http://www.ncbi.nlm.nih.gov/pubmed/29976154
http://dx.doi.org/10.1158/0008-5472.CAN-16-3088
http://www.ncbi.nlm.nih.gov/pubmed/28087600
http://dx.doi.org/10.1146/annurev-bioeng-071813-105259
http://dx.doi.org/10.1146/annurev-bioeng-071813-105259
http://www.ncbi.nlm.nih.gov/pubmed/25014786
http://dx.doi.org/10.1038/nm.3394
http://www.ncbi.nlm.nih.gov/pubmed/24202395
http://dx.doi.org/10.1038/nrc.2017.51
http://www.ncbi.nlm.nih.gov/pubmed/28706266
http://dx.doi.org/10.1016/j.stem.2018.11.013
http://dx.doi.org/10.1016/j.stem.2018.11.013
http://www.ncbi.nlm.nih.gov/pubmed/30581080
http://dx.doi.org/10.15252/embj.2019101688
http://dx.doi.org/10.15252/embj.2019101688
http://www.ncbi.nlm.nih.gov/pubmed/31475747
http://dx.doi.org/10.1126/science.aay4509
http://www.ncbi.nlm.nih.gov/pubmed/31672914
http://dx.doi.org/10.1152/physrev.00037.2011
http://www.ncbi.nlm.nih.gov/pubmed/22811424
http://dx.doi.org/10.1161/CIRCRESAHA.118.312981
http://dx.doi.org/10.1161/CIRCRESAHA.118.312981
http://www.ncbi.nlm.nih.gov/pubmed/29764841
http://dx.doi.org/10.1161/01.RES.0000255691.76142.4a
http://www.ncbi.nlm.nih.gov/pubmed/17272818
http://dx.doi.org/10.1038/nature11337
http://www.ncbi.nlm.nih.gov/pubmed/22914092
http://dx.doi.org/10.1016/j.celrep.2019.09.002
http://www.ncbi.nlm.nih.gov/pubmed/31597098
http://dx.doi.org/10.1016/j.cell.2018.11.035
http://www.ncbi.nlm.nih.gov/pubmed/30612739
http://dx.doi.org/10.1016/j.addr.2017.07.005
http://www.ncbi.nlm.nih.gov/pubmed/28694027
http://dx.doi.org/10.1016/j.stemcr.2019.04.021
http://dx.doi.org/10.1016/j.stemcr.2019.04.021
http://www.ncbi.nlm.nih.gov/pubmed/31155505
http://dx.doi.org/10.1038/ni.3836
http://www.ncbi.nlm.nih.gov/pubmed/28892469
http://dx.doi.org/10.1126/scitranslmed.aak9679
http://dx.doi.org/10.1126/scitranslmed.aak9679
http://www.ncbi.nlm.nih.gov/pubmed/28404866
http://dx.doi.org/10.1089/ars.2016.6685
http://dx.doi.org/10.1089/ars.2016.6685
http://www.ncbi.nlm.nih.gov/pubmed/27099026
http://science.sciencemag.org/


Biological functions of lymphatic vessels
Tatiana V. Petrova and Gou Young Koh

DOI: 10.1126/science.aax4063
 (6500), eaax4063.369Science 

, this issue p. eaax4063Science
could alter lymphatic function or growth are also discussed.

thatlacteals, lymph nodes, central nervous system meninges, and cancer. Recent steps toward therapeutic opportunities 
highlight new insights into lymphatic vessel function and lymphatic endothelial cell biology as it relates to intestinal
perspectives beyond the traditional view of lymphatic vessels in the maintenance of fluid homeostasis. The authors 

 review emerging roles of the lymphatic vasculature in organ function and pathology and provideet al.Petrova 
Lymphatic vessels are spread throughout the human body and have critical functions in mammalian physiology.

Roles of organ-specific lymphatic vessels
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