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Abstract

The lymphatic vasculature is not considered a formal part of the immune system, but it is critical
to immunity. One of its major roles is in the coordination of the trafficking of antigen and immune
cells. However, other roles in immunity are emerging. Lymphatic endothelial cells, for example,
directly present antigen or express factors that greatly influence the local environment. We cover
these topics herein and discuss how other properties of the lymphatic vasculature, such as
mechanisms of lymphatic contraction (which immunologists traditionally do not take into
account), are nonetheless integral in the immune system. Much is yet unknown, and this nascent
subject is ripe for exploration. We argue that to consider the impact of lymphatic biology in any
given immunological interaction is a key step toward integrating immunology with organ
physiology and ultimately many complex pathologies.
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INTRODUCTION

Even though memory CD8* T lymphocytes outside of secondary lymphoid organs
outnumber their counterparts in secondary lymphoid organs (1-4), secondary lymphoid
organs remain the critical meeting point for the initiation of immune responses to antigens
previously not encountered. Accordingly, few naive T cells exist in peripheral tissues (4).
The elegant organization of the spleen and lymph nodes that fosters rare, productive
encounters to kick off immunity has long been appreciated (5-7). Lymph nodes are
especially fascinating organs that provide a specialized microenvironment for the meeting of
migratory immune cells, especially lymphocytes and antigen-presenting cells like dendritic
cells (DCs). The function and assembly of this specialized lymphoid organ uniquely
coordinate cell trafficking from two sources: the blood, where the majority of lymphocytes
and DC precursors enter lymph nodes through distinct postcapillary venules called high
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endothelial venules; and the lymphatic vessels, which transport not blood but interstitial
fluid derived exclusively from adjacent tissues.

This review focuses on the lymphatic vasculature. Our aim is to bring its physiology to life
for the immunology-oriented reader, so as to reveal how this very specialized vasculature
coordinates multiple physiological roles, only some of which are expressly directed toward
the regulation of immunity. The coordination of these roles sometimes brings together
unusual processes, such as the interface between lipid transport and immunity when the
mesenteric lymphatic vasculature faces the need to transport fats through the mesenteric
lymphatic vessels and mesenteric lymph nodes (8). The inevitable convergence of
immunology with other disciplines through their common reliance on the lymphatic
vasculature may have important implications for various inflammatory or other diseases.

INTERSTITIAL FLUID AND LYMPH FLOW GOVERN THE AVAILABILITY OF
PROTEINS, PEPTIDES, AND MACROMOLECULES TO TISSUE CELLS

Often, the first issue that comes to mind when lymphatic vessels are discussed is their role in
fluid clearance from tissues. Very often, the focus is on water, as accumulated water in
tissues produces edema. However, one should not overlook the role of lymphatic transport in
controlling the availability of proteins, peptides, and other macromolecules to cells within all
tissues. A slow flow of fluid through all tissues facilitates efficient supply of nutrients and
signaling molecules, including hormones and cytokines, to cells within these tissues. This
fluid, present between cells in extravascular compartments, is called interstitial fluid (9).

Although the composition and rate of flow of interstitial fluid are only sometimes discussed
in the field of immunology, they have a broad impact on immunity. The basic tenet of
Starling’s law of fluid filtration is that hydrostatic pressure is the driving force for fluid loss
from plasma, and the osmotic gradient established by macromolecules, most notably
albumin, counteracts fluid loss from the vasculature. Starling’s law, even as it has been
modestly revised over time (10, 11), states that arterioles, capillaries, and venules all
contribute to fluid filtration and that plasma proteins are pulled into the interstitium during
such filtration. Venules, therefore, are unable to absorb the capillary filtrate, so the lymphatic
vasculature is required to absorb and return the bulk of this capillary filtrate to the
bloodstream. This fluid also passes across the endothelial glycocalyx, a layer of
glycoproteins secreted by the endothelium, such that larger macromolecules present in
plasma are most restricted in passage owing to their large size and negative charge (12).
Proteins initially present in plasma, from albumin to complement and immunoglobulins, are
found within interstitial fluid at lower concentrations than in plasma because of this filtration
barrier (Figure 1) (12). Adjustments to the filtration barrier are made by vesicular transport
(11) or existence and integrity of fenestrae (13), or by any of numerous signals that have
been identified to increase intercellular endothelial permeability (14). Indeed, a long-
standing tenet in the regulation of inflammation is that proinflammatory mediators increase
vascular permeability, and the main purpose of this heightened permeability is to promote
increased passage of important effector molecules like complement and immunoglobulin
into the interstitium. We are still gaining insight into how this critical process is regulated. A
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recent study revealed how CD4" T cells help regulate humoral immunity to herpes simplex
virus by controlling vascular permeability in an IFN-y-dependent manner that, in turn,
allowed for sufficient antibody availability within the tissue (Figure 1) (15).

Along with regulation of vascular permeability, the molecular composition of the
extracellular matrix between tissue cells and lymphatic transport are critical for the
maintenance of any given tissue microenvironment (16). In the face of unfavorable oncotic
pressure, molecules with a Stokes radius equal to or greater than that of the cytokine TNF
are not cleared from the interstitium by returning to the venous vasculature (16, 17). Instead,
for molecules that gained access to or were produced in the interstitium, eventual appearance
in the blood requires that these molecules be further transported through the lymphatic
vasculature, which, in the absence of mechanically stimulated interstitial flow (18), uses an
active pump-based mechanism to export interstitial fluid and its contents directly out of
tissue (Figure 1). If lymphatic transport is impaired, the flow of interstitial fluid will
decrease. Edema is thus linked to the balance of fluid arriving from the plasma and removal
of interstitial fluid via lymphatic action.

Interstitial flow, even though typical flow rates are a modest approximately 0.2 um/s (19),
allows the establishment of autologous gradients that can guide cell migration through its
ability to polarize secreted proteases (20) or chemokines (21, 22), strongly affecting cell
behavior. These gradients are oriented in the direction of flow, that is, in the direction of the
lymphatic vasculature (Figure 1). However, very small, highly diffusible nutrients like
glucose would be expected to depend little on interstitial flow for gaining access to the
appropriate cell targets. In insulin-dependent cell types, like skeletal muscle cells and
adipocytes, the interstitial transport of insulin is relevant to glucose metabolism (23). An
argument has been put forward that hyperinsulinemia is driven by mechanisms that keep
insulin concentrations constant in the interstitium even when filtration of insulin from the
vasculature is decreased in diabetes scenarios. Although glucose concentrations measured in
vivo show rapid equilibration between plasma and all tissue compartments (24, 25), it has
been argued that glucose availability in insulin-independent tissues like tumors can become
limiting and thereby pivotally affect antitumor immunity (26). The method used to support
such a conclusion involved collection of interstitial fluid from tumor tissue disconnected
from the circulation, making it impossible to be certain that areas of limited glucose develop
in vivo, rather than from rapid consumption during preparation of the fluid. If glucose is
limiting in microenvironments like tumors, the issue can be raised as to whether improved
interstitial flow to the tumor might be part of a multipronged approach to tip antitumor
immunity in a favorable direction. Interstitial pressure in tumors is high, and this may favor
the tumor in multiple ways (27). Improved methods to interrogate the composition of the
extracellular space with fine-tuned temporal and spatial dynamics would advance the
growing interest in the effect of the microenvironment on immunity and interest in the many
diseases where the innate or adaptive immune system is involved.
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STRUCTURE AND PROPERTIES OF THE LYMPHATIC SYSTEM

Lymphatic Capillaries

As indicated above, lymphatic flow is a major driver of interstitial flow. Lymphatic flow is
thought to be regulated by the contractile properties of the larger collecting lymphatic
vessels (28), which will be discussed in detail below. These form through the convergence of
many lymphatic capillaries, also called initial lymphatics, which exist in nearly all tissues as
blind-ended vessels lined by a single endothelial layer (Figure 1). It is thought that the
lymphatic capillaries are capable of absorbing interstitial contents rather nonselectively.
Nonselective uptake is conceptually critical to the issue of allowing foreign antigens access
to the draining lymph nodes and is supported by the long-standing use of a variety of dyes
and compounds that seem to have unrestricted access to draining lymph nodes when
introduced into tissue parenchyma. However, it is possible that additional selective
mechanisms exist for certain molecules to gain entry into lymphatic capillaries (29).

Interendothelial junctions that are assembled in a punctate, or button-like, fashion with flaps
or gaps between them would account for the rather nonselective uptake into lymphatic
capillaries (Figure 2). They consist of adherens junction and tight junction proteins,
including VE-cadherin, claudin 5, ZO-1, ESAM, and occludin (30). The orientation of these
junctions as punctate or as more continuous and thus less accessible to nonselective entry of
molecules is regulated developmentally (31). In chronic inflammation, the junctions also
take on a continuous, more closed nature (31), which may be detrimental for resolution or
removal of inflammatory components from the tissues. On the other hand, a regulated
immune response may require a shift in the accessibility of tissue-derived mediators to the
lymph node.

In the presence of porous junctions, if interstitial fluid is flowing, it will enter through the
substantial gaps between these junctions and form lymph. The lymph proteome is enriched
in polypeptides that reflect the life cycle and turnover of cells and matrix in the extravascular
tissue that the corresponding lymphatic vessels drain, thus providing a rich source of
potential peptides for antigen presentation in draining lymph nodes on an ongoing basis
(32).

Like the entry of interstitial fluid, the entry of DCs into lymph, then, appears to involve few
barriers. Integrins are not essential for DC trafficking under basal circumstances (33). Here,
amoeboid movement through matrix occurs without the need for formal adhesion between
migrating cells and matrix components (34), and lymphatics with flap-like openings fit into
this scheme of minimal molecular requirements for lymphatic uptake of cells or molecules.
However, the situation in inflammation is different. Inflammation induces a loosening of the
collagen structure within the interstitium (36), whereas efficient amoeboid migration is
predicated on a dense matrix network (34). Thus, DC migration during inflammation relies
on ICAM-1 and VCAM-1 (37-39). T lymphocytes migrate through the inflamed
interstitium, relying on the av integrin subunit to do so. The basement membrane around the
lymphatic capillary is rather sparse and poses little in the way of a filtration barrier (35).
Even the entry of immune cells into lymphatic capillaries is aided by the rather sparse
basement membrane, as evidence suggests that DCs predominately gain access to the
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lymphatic lumen where the basement membrane is sparse. These areas are referred to as
portals (35) (Figure 2). Like the entry of interstitial fluid, the entry of DCs into lymph, then,
appears to involve few barriers.

Whatever the circumstances, it is essential that migrating cells find their way to the
lymphatic entry point and be sufficiently motile to enter it. Random interaction would favor
very little productive migration. Thus, chemotaxis to the lymphatic vessel is essential. DCs
are the best-studied cell type in this regard, and it is well established that a particularly
relevant chemokine-receptor pairing is CCL21, expressed by the lymphatic vessels (40)
(Table 1), attracting DCs that express the CCL21 receptor CCR7 (41-43). CCR7 was
initially reported to be necessary for T cell entry into lymphatics from skin (44), but further
studies found that it was not required (45).

When one thinks about the issue of chemotaxis to a lymphatic capillary in the face of
interstitial fluid flow, a problem becomes apparent: Radiation of a chemotactic gradient is
opposed by the direction of flow itself. That is, interstitial flow around the lymphatic
capillary is, by definition, in the direction of lymph flow. Establishing a gradient to the
vessel requires countermovement of chemokines against the direction of such flow. This
problem is combatted by the establishment of a CCL21 gradient that is immobilized in the
interstitium via binding to heparin sulfates.

So, although the establishment of a haptotactic, or immobilized, gradient helps to solve the
issue of chemokine counterflow, it may nonetheless be the case that the necessary
counterdiffusion needed to set up even a haptotactic CCL21 gradient poses an obstacle to
DC migration into lymphatics. In the normal mouse, the haptotactic gradient established is
steep and thus confined near the lymphatic vessel (46). It is interesting to consider the
haptotactic gradient in light of the surprising finding that a 90% reduction in lymphatic
capillary density did not impede either total DC migration through lymphatics or the pace of
their migration to lymph nodes (47). Meanwhile, these more scarce lymphatics do impede
the rate of interstitial flow, as measured by an assay that quantifies the loss of fluorescent
tracer injected into the interstitium within a field of view (47). A possible contributor to the
preservation of normal DC migration is the greater efficiency of a CCL21 gradient from the
lymphatic capillary that is expected when overall interstitial flow is reduced, owing to a
reduction in counterflow against the chemokine gradient. Indeed, CCL21 secretion by
lymphatics increases in response to increased flow (48), which quite logically would
facilitate the maintenance of aCCL21molecular broadcast in the face of a stronger
countercurrent.

In brief, then, the literature appears most consistent with the following model. The lymphatic
capillary system in the parenchyma of organs like skin is responsive to changes in interstitial
flow. Since chemotaxis toward the vessel has to overcome the challenges of flow to establish
a functional gradient, reductions in lymph transport have a rather minimal impact on
immune cell migration, because the reduction in flow is offset by a more favorable
chemotactic environment. By contrast, reductions in molecular transport, such as antigen or
cytokines, are far more sensitive to changes in interstitial flow. Thus, one might anticipate
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that the greater impact of partial lymph stasis in immunity or inflammation would be on
molecular transport rather than cellular.

The job of lymphatic capillaries as mediators of molecular clearance is critical to the
regulation of inflammation. Indeed, it is so critical that the lymphatic vasculature possesses
mechanisms to promote clearance of inflammatory mediators beyond acting as conduits for
flow-mediated clearance. Namely, lymphatic capillaries particularly prominently express the
nonsignaling G protein—coupled receptorD6, which serves as a chemokine scavenger (Table
1) (49). This scavenging function involves receptor-mediated internalization and degradation
of several CC-type chemokines associated with inflammation, including CCR2 ligand CCL2
and CCR5 ligands CCL3, CCL4, and CCL5 (50, 51). Consequently, D6 participates
pivotally in controlling inflammation (52, 53), preventing lymphatic congestion (54), and
reducing sequelae in pathological scenarios like psoriasis (55) and autoantibody-triggered
fetal loss (56).

In 2001, it became clear that one of the most selective receptors expressed on lymphatic
capillary endothelium useful for distinguishing them from other cells is a receptor called
LYVE-1 (Table 1), which, at least in cell lines, internalizes hyaluronic acid (HA) (57). HA is
soluble within the extracellular matrix and is found in lymph (16). The lymph node
participates in its turnover, which is quite high, with up to one-third of the total HA pool
turning over each day (58). Fragments of HA are also known to trigger DC migration from
the skin (59) and are associated with inflammation and tissue injury (60). Such fragments
are implicated in the excess accumulation of neutrophils and other immune cells in various
clinical contexts, such as transplant rejection (61). Expansion of lymphatic capillaries,
through lymphangiogenesis, has been observed at sites of inflammation in many models and
inflamed tissues, including transplants (62). While debate continues on the impact that
lymphangiogenesis has in the progression of inflammation and clearance of inflammatory
mediators through the lymphatic vasculature, one recent study showed that
lymphangiogenesis in the transplanted lung protects against rejection by promoting
clearance of HA from the grafted organ (63).

So, a role for the HA receptor LYVE-1 on lymphatic endothelium might seem obvious.
However, native lymphatic endothelial cells expressing LYVE-1, either in vivo or in vitro, do
not show binding to high molecular weight HA (57), even though cell lines expressing
LYVE-1 do. Moreover, from analysis in knockout mice, a functional role for LYVE-1 on the
endothelium remained elusive (64). Recently, the HA component of the cell wall of group A
streptococci was observed to bind efficiently to LYVE-1 in lymphatic endothelial cells, and
such binding mediated dissemination of the microorganism to lymph nodes (65). A follow-
up study then revealed that clustering, or multimerization, of HA on the surface of
microorganisms or cells allows for LYVE-1 binding on lymphatic endothelium (66). Thus,
rather than the initial concept that LYVE-1 may fulfill a function on lymphatic vessels by
interacting with interstitium-derived HA during its degradation in lymph and lymph nodes, it
appears that LYVE-1 serves as a microbial recognition receptor. Another possibility is that
LYVE-1 on lymphatic endothelial cells is involved in adhesion to cells that assemble
multimeric HA on their surfaces, such as DCs (67) and macrophages (66). This possible role
in host defense may extend to the subpopulation of macrophages that express LYVE-1 as
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well and exhibit an alternatively activated phenotype that is proangiogenic (68-71). Much
remains to be clarified in this intriguing area of research.

Lymphatic Collecting Vessels

Lymphatic capillaries, specialized for uptake of lymph as described above, coalesce into
contractile vessels that are called collecting vessels. As their name suggests, these vessels
collect the interstitial fluid to transport it downstream to lymph nodes and ultimately to the
bloodstream; the largest collecting vessel in the body, the thoracic duct, converges on the
subclavian vein via the so-called lymphovenous valve. A key feature of collecting vessels is
that they are not prone to absorb fluid or cells. They have continuous adherens junctions, in
contrast to the lymphatic capillaries that drain into them. At the interface where lymphatic
collecting vessels transition to collecting vessels, an interface sometimes called precollecting
vessels, some specialized cell entry may occur, as selective expression of the chemokine
CCL27 has been observed in this part of the vasculature (72). Furthermore, in the context of
an inflamed lymph node, entry of immune cells may also occur (73). However, absorption is
not a major function of the collecting vessels.

Collecting lymphatic vessels contain a single layer of endothelial cells, a basement
membrane, intraluminal valves, and muscle cell coverage (Figure 3a) (74). The adjacent
muscle cells are highly specialized to enable fluid transport from the low-pressure
interstitium to the relatively high-pressure subclavian veins, as they express a mix of cardiac,
skeletal, and vascular smooth muscle myosin isoforms that contribute to their ability to
contract rapidly, forcefully, and spontaneously, very similar to the pumping of the
mammalian heart (75, 76), to squeeze lymph along the length of the vessel. In addition to
contractile machinery, lymphatic muscle also expresses various ion channels that regulate
the timing of contractions, similar to cardiac pacemaker cells (77). Therefore, the main
function of lymphatic muscle is to generate the pressure needed to pump lymph along the
vessel length against gradually increasing pressure. A recent review discusses lymphatic
contractile function in exquisite detail (78).

To facilitate one-way lymph flow, intraluminal valves divide long collecting lymphatic
vessels into a series of smaller chambers—called lymphangions—that act like the ventricles
of the heart (Figure 35,¢). These valves prevent lymph from flowing back to the tissues after
every contraction cycle, easily visualized in Prox-1 ER Cre x TomatofoX/flox mice (79, 80)
(Figure 36,¢). Valve formation and maintenance depend upon the transcription factors
FOXC2 (81, 82) and GATA2 (83) in mice and humans, respectively, and the generation of a
bridge formed by the integrin ag and the extracellular matrix component EMILIN1 (84).
Valves open and close in response to the pressure gradient on either side of the valve
leaflets; i.e., when downstream pressure is lower than upstream pressure, the leaflets open to
allow flow, whereas when downstream pressure is greater than upstream pressure, the
leaflets close (85). More recent findings have shown that while correct, this view is
oversimplified because certain aspects of valve function can lead to unexpected behavior.
For example, when downstream pressure is increased sufficiently, the diameter of collecting
lymphatic vessels increases to create pressure in the reverse direction, allowing fluid to
move backward through a valve. When enough fluid has leaked through a valve in this
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manner, the valve leaflets may lock open and then allow reverse fluid flow toward the
extremities (86).

Lymphatic pumping is negatively regulated by histamine (87, 88) and nitric oxide (NO),
which potently inhibits lymphatic muscle contractions (89-91). In general, NO may be
produced either by lymphatic endothelium through endothelial NO synthase (eNOS), or
during inflammatory states by nearby immune cells through inducible NO synthase (iNOS)
(90). During antigen-mediated immune responses, mouse myeloid-derived CD11b*Gr1*
cells and F4/80* macrophages in the tissue produce copious amounts of NO through iNOS,
which in turn inhibits lymphatic pumping (90). It has been further argued that
immunosuppression is thus associated with inflammation via NO-mediated inhibition of
lymphatic pumping. Indeed, associations between impaired lymphatic pumping and reduced
flow to lymph nodes have been made (92). However, the transit of a variety of immune cells
via lymph is often increased following acute and chronic inflammation (93-95). Thus, at
present, it is unclear how the state of the lymphatic vasculature during immunosuppression
associated with inflammation differs from the scenarios in which inflammatory stimuli
support increased immune cell trafficking to lymph nodes. To bring clarity to this issue, we
need a systematic and broad study examining the immune response and lymphatic function
simultaneously and quantifying transport of both soluble and cellular components.

Lymphatics and the Lymph Node Microenvironment

A major factor in considering how inflammation affects immunity and antigen transport
relates to the profound impact that inflammation can have on the arrangement of lymphatic
vessels and sinuses in the lymph nodes, which directly drain the collecting lymphatic
vessels. Under most conditions, steady state and inflammation alike, lymph passes into and
through lymph nodes by flowing along the border of the lymph node, along the subcapsular
sinus. LYVE-1* lymphatic endothelial cells line the floor of the sinus, and these cells
express CCL21 (96). A separate population of lymphatic endothelial cells lines the ceiling of
the subcapsular sinus; these do not express CCL21 but display unique chemokines and
chemokine receptors, like CCL1 (97, 98) and CCRLL1 (96), another nonsignaling decoy
receptor related to D6, discussed above. CCRL1 scavenges CCL21 and thus serves to
maintain a robust CCL21 gradient that facilitates DC mobilization from lymph into the
lymph nodes (96). The lymphatic endothelial cells that line the floor of the subcapsular sinus
also express the protein called plasmalemma vesicle—associated protein (PLVAP), which
forms endothelial fenestrae that act as a sieve to restrict access to the conduit network in the
paracortex based on molecular size (99). Typically, these conduits have a cutoff of
approximately 70 kDa, but this increases in mice lacking PLVVAP. In addition to the control
of cellular and molecular trafficking at the subcapsular sinus interface, lymphatic endothelial
cells in the medullary sinuses control T cell egress from lymph nodes into efferent collecting
lymphatic vessels. In the absence of lymphatic endothelial cell-expressed sphingosine
kinase 1 and sphingosine kinase 2, sphingosine-1-phosphate is not detectable in lymph
nodes, and T cells thus fail to egress (100). During inflammation, lymph node hypertrophy is
accompanied by upregulation of CD69 that prevents T cell egress (101) and by an expansion
of lymphatics initially near the subcapsular sinus (102, 103). As inflammation transitions to
a phase of resolution, lymphangiogenesis shifts away from the subcapsular sinus toward the
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medulla and supports an expansion of the lymphatic vasculature interface that prompts T cell
egress (103). Cells within the lymph node microenvironment, ranging from B cells to T cells
to neutrophils, influence the extent and location of lymphatic remodeling that occurs therein
(102, 104, 105).

Fitting with distinct functional roles in transport, lymphatic endothelial cells in different
regions of the lymph node are phenotypically distinct (106, 107). One striking feature is the
expression of self-antigen like tyrosinase, transgenes like a-galactosidase, and immune
modulatory proteins like PD-L1in the lymphatic endothelial cells of the lymph node medulla
(106, 108). AIRE-independent expression of tyrosinase in these lymph node lymphatic
endothelial cells drives deletional tolerance of tyrosinase peptide-reactive MHC-I-restricted
CD8* T cells (106, 108). Thus, a subpopulation of lymphatic endothelial cells confined to
the lymph node medulla mediates peripheral tolerance along with other lymph node stromal
cells, fibroblastic reticular cells (109). Tolerance induced by lymphatic endothelium is not
limited to peripheral antigens expressed by lymphatic endothelial cells, as avid endocytosis
of soluble antigens in the environment by the PD-L1* lymphatic endothelial cells also allows
for presentation to CD8™ T cells to mediate deletional tolerance (Figure 44) (110). Indeed, in
yet another recent study, lymphatic endothelial cells took up and retained antigen for long
periods of time—up to several weeks—particularly under conditions when
lymphangiogenesis in the lymph node was induced and lymphatic endothelium was
proliferating. This archiving of antigen was functionally pivotal in the immune response
because during late phases after induction of a CD8* T cell response, it provided antigen to
DCs that would cross-present to these T cells to foster CD8* T cell memory responses (111).
The transfer of archived antigen occurred when the lymph node was contracting, and excess
endothelial cells generated during lymphangiogenesis then gave rise to lymphatic
endothelial cells undergoing apoptosis during contraction. The concept is that the
engulfment of dying lymphatic endothelium by DCs would be a means to transfer antigen,
with the presentation being carried out by professional antigen-presenting cells, that is, DCs
(Figure 45). These data are consistent with multiple ways in which lymphatic endothelial
cells can affect CD8* T cell immunity, by direct presentation to T cells to support deletion or
transfer of antigen to DCs due to apoptosis during lymph node contraction to support
sustenance of a productive memory response.

Lymphatic endothelial cells in anatomic sites outside of lymph nodes do not express PD-L1
or self-antigens like tyrosinase (106). This finding highlights the specialization of lymphatic
endothelial cells in various anatomic sites. Yet, unfortunately, the diversity of lymphatic
endothelial cells in different organs and locations remains largely unexplored. Defining this
diversity will be an important endeavor in the field and will likely uncover additional
immunological roles of lymphatic endothelium beyond the major function of mediating
molecular and cellular transport.

Lymphatic endothelial cells express MHC-II, and upregulate it in response to IFN-y
stimulation (112). Thus, the question arises of whether lymphatic endothelial cells
participate in antigen presentation to CD4* T cells in an MHC-II-restricted manner. Because
lymphatic endothelial cells are highly endocytic (110) and in contact with many
polypeptides traversing lymph (32), they would encounter many relevant antigens. Two
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recent studies (113, 114) addressing the role of lymphatic endothelium in presenting antigen
on MHC-II molecules came to different conclusions about the role of lymphatic endothelial
cell antigen presentation that require further research to clarify. However, these studies
converge on a common consensus—that antigens taken up or expressed within lymphatic
endothelial cells are not primarily presented on MHC-I1 expressed by the endothelial cells
themselves, but that DCs once again play key intermediary roles, as proposed earlier for
CD8* T cell responses (Figure 44) (111, 114a). In one study, an antigen engineered to be
restricted to lymphatic endothelial cells could not be presented by the endothelium, because
the lymphatics did not express HLA-DM for peptide exchange onto MHC-11 (113).
Nonetheless, CD4* T cell tolerance to the lymphatic endothelium—expressed antigen
occurred because DCs acquired the antigen from lymphatics (Figure 4¢) (113). In the other
study, lymphatic endothelial cells served as antigen-presenting cells, but many of the surface
peptide—-MHC-II complexes displayed by lymphatic endothelial cells were derived from
DCs that transferred complexes to the lymphatic endothelium (114) (Figure 44). Thus,
despite lacking HLA-DM (113), lymphatic endothelial cells were able to tolerize CD4* T
cells directly (114).

In summing up the role of lymphatic endothelial cells in lymph nodes, this section highlights
their role in facilitating the routing of cells and molecules to different lymph node
compartments and an additional role for lymphatic endothelium in presentation of antigen,
in cooperation with DCs. Yet another key function of lymphatic endothelial cells in lymph
nodes, and likely in nonlymphoid tissue, is the production of cytokines, which may be
coordinated with the expression of molecules like LYVE-1 (66) and TLR-4, which is highly
expressed by lymphatic endothelial cells and macrophages, but not DCs, as commonly
thought (112, 115). With respect to cytokine production, lymphatic endothelial cells are the
largest producer of I1L-7 to maintain T cell homeostasis in lymph nodes (116-118) and to
sustain inflammation-induced lymphoid follicles in the context of disease (119). They also
produce many other cytokines. For example, recent studies suggest that macrophage-
sustaining cytokines like CSF-1 in tumors depend substantially upon the presence of
lymphatic vessels (120).

Lymph fluid and cells that leave the lymph node enter efferent collecting lymphatic vessels
that, to the extent compared, possess similar properties as afferent lymphatic collecting
vessels discussed above. However, lymph is of distinct composition in the efferent vessels
versus afferent vessels; indeed, the lymph node typically substantially concentrates lymph so
that the protein concentration of efferent lymph is similar to that of plasma, whereas afferent
lymph typically has a protein concentration less than half that of plasma (121).
Concentration of lymph occurs by the absorption of water into the high endothelial venules
within the lymph node (121). Efferent collecting vessels ultimately converge to form the
largest collecting vessel in the body, the thoracic duct. This duct returns lymph into the
bloodstream at the lymphovenous valve, which separates the thoracic duct from the
subclavian vein. The patency of the lymphovenous valve, in addition to a platelet thrombus
at this junction, is crucial to preventing blood—uwhich is at a higher pressure in veins than
the pressure in the thoracic duct—from backing up into the thoracic duct and reaching
upstream lymph nodes and even peripheral tissues like the intestine (122). Remarkably, the
patency of the lymphovenous valve is dependent upon platelet-expressed CLEC-2 (122), a
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ligand for podoplanin that is rich in lymphatic endothelium; this interaction is also required
during lymphatic development to maintain blood-lymph separation (123).

LYMPHATIC COLLECTING VESSEL PERMEABILITY AND INTEGRITY AS
RELATED TO IMMUNITY—INFLAMMATORY BOWEL DISEASE

It stands to reason that immune and inflammatory responses would be dramatically altered if
lymphatic vessel integrity were compromised (124). We have already discussed various
scenarios when lymphangiogenesis appears to affect immunological and pathophysiological
processes, and still other data on this topic exist. Yet, exactly what lymphangiogenesis
achieves is still debated, as the capacity of the existing vessels for processes like cell
trafficking seems more than sufficient to meet basal needs in transport (47). As discussed,
lymphangiogenesis in the lymph node achieves multiple purposes, from expanding the
capacity of immune cells to enter (102) and exit the lymph node (29) to, perhaps most
important, serving as a reservoir for antigen as the contraction of expanded lymphatics
proceeds (111). However, it is unclear whether in the periphery contraction of lymphatics,
once they are expanded, ever occurs (31). With regard to fluid transport, it remains unclear
whether newly formed lymphatic capillaries ever acquire a normal permeability after their
formation.

With an intense focus on the remodeling of lymphatic capillaries that has been fostered by
the attention to lymphangiogenesis in the literature, we turn to considering whether the
functional drivers of lymphatic transport, the lymphatic collecting vessels, are linked to
immunological regulation or disorders. In contrast to lymphatic capillaries, the lymphatic
collecting vessel network does not appear amenable to the generation or maturation of new
collecting vessels as a consequence of inflammation or perhaps even injurious insult. Indeed,
one of the major causes of lymphedema that is too often associated with the removal of
lymph nodes during treatment of breast cancer (125) is that collecting lymphatic vessels may
have little capacity to regrow when lymph nodes and inevitably portions of collecting vessels
that invest them are removed. So, the question arises: Are immune-mediated diseases
associated with altered functionality or integrity of lymphatic collecting vessels? Recent
developments in the study of inflammatory bowel disease (IBD) and experimental models of
IBD have yielded insights that suggest the answer to this question may be yes.

Some of the earliest descriptions of Crohn’s disease, a major type of IBD, noted the disease
was characterized by a prominent lymphangitis (126). Since then, it has become clear that
immune dysregulation and changes in the intestinal microbiome are associated with Crohn’s
disease (127). Can all of these various features be linked? If so, how?

The intestinal wall, particularly that of the ileum, contains three separate lymphatic capillary
beds that originate with and drain distinct anatomic spaces: (a) Every villus contains a single
blind-ended lymphatic capillary (lacteal), and (&) the underlying submucosa has its own
lymphatic capillary network, as does (¢) the muscularis (127). These all independently
intersect with, and drain into, contractile lymphatic collecting vessels that originate at the
mesenteric border and run antiparallel to the intestinal wall through mesenteric fat until they
reach mesenteric lymph nodes (74). In humans, there is a fourth lymphatic capillary bed that
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is located in the mesenteric fat itself, mostly localized just beneath the serosal epithelial
covering of the mesenteric adipose tissue (43). These four lymphatic capillary networks
carry many critical antigens to draining lymph nodes, and the villus lacteals also transport
dietary fat that is packaged into chylomicrons (8). Thus, the mesenteric lymph node is
subjected to periodic high loads of fat that filter through this space, and the lymph node has
had to evolve mechanisms to prevent fatty acid—driven inflammation, for instance (8). It is
quite possible that microbial lipids, likely available to the host (128), are components of
chylomicrons and regularly affect the mesenteric lymphatic corridor.

One of the several unexplained morphological manifestations of Crohn’s disease is the
presence of creeping fat, the expansion of fat in the mesentery that overrides the usual
mesenteric border and extends up onto the intestinal wall (129). When, during surgical
resection of Crohn’s disease—affected ileum, dyes are injected into the mucosa to drain out
through mesenteric collecting vessels, embedded in mesenteric adipose tissue, the dye front
is often deviated and follows the nascent frontier of the expanding creeping fat (43). This
relationship caused us to wonder if significant remodeling of the fat-localized mesenteric
collecting vessels occurred. We developed a method to better identify human mesenteric
collecting lymphatic vessels, which only weakly stain for many lymphatic markers.
Remarkably, we find that the collecting vessels are interrupted by the development of B
cell-rich tertiary lymphoid structures that obstruct the path to the usual draining lymph node
(43). Tertiary lymphoid structures are common features in many inflammatory diseases and
in cancers (130), but until we were able to view them in three-dimensional analyses, it was
unclear that the structures were connected to existing collecting lymphatic vessels and thus
in a position to affect both lymph transport and which cells and molecules arrived to the
draining lymph node. It will be interesting to determine whether this is true in other
inflammatory diseases.

It is not possible to know what the consequences of such obstruction would be in humans.
However, various studies in mice may offer a clue. One illuminating study arose from an
analysis of the consequence of Yersinia pseudotuberculosis infection in mice. Even after
mice recover from oral infection with this bacterium, intestinal inflammation continues,
along with evidence of suppressed immunity (131), features reminiscent of Crohn’s disease.
The explanation for the development of chronic inflammation and impaired immunity is that
migratory DCs arising from the lamina propria failed to arrive in the draining lymph node,
apparently because collecting vessels became excessively leaky, allowing for a spilling out
of immune cells and chylomicrons within lymph into the adjacent fat (131). As far as
reported, the obstruction was not related to formation of tertiary lymphoid structures, thus
differing morphologically from human Crohn’s disease specimens. However, the concept of
leaking, or high permeability, of collecting vessels as the basis of disease deserves more
attention. Collecting vessels are known to have a basal level of permeability to proteins like
albumin (132). This permeability is sufficient to broadcast antigens to DCs and macrophages
that closely associate with the muscular wall of the collecting vessel (73). Indeed, the
associated DCs appear to support collecting vessel integrity and lower permeability (80),
suggesting that high permeability might be associated with infection or inflammation-
mediated loss or modification of these support DCs.
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Although development of tertiary lymphoid structures was not reported in connection with
the Y. pseudotuberculosis model, such structures have been reported in the context of the
disodium sulfate (DSS) model of colitis. The structures form within ten days after cessation
of DSS administration. In this experimental model, as in humans, they are highly enriched in
B cells (133). The structures formed in the absence of lymphoid tissue inducer cells, and
they functioned to contain bacteria and perhaps bacterial products transported from the DSS-
damaged epithelial border (133). However, they were also proinflammatory and drove
immune pathology (133). The study did not carry out three-dimensional imaging or look at
the preexisting lymphatic network. This will be important to do in the future, to allow a
fuller comparison to data from human Crohn’s disease.

FUTURE DIRECTIONS

A number of research questions related to the lymphatic vasculature are ripe to be addressed.
The possibility that inflammatory diseases like Crohn’s disease might be closely connected
to pathophysiological changes in lymphatic vessels, for example, is intriguing. However, too
little is known about the mechanisms at play to maintain normal physiology of the vessels at
present. Some of these mechanisms no doubt relate to the properties of the vessels
themselves and the response to local mediators; others may relate to the status of
neighboring immune cells (73, 80, 90). Still others may relate to mechanisms that operate at
a distance—via neural communication, for instance. Why does the application of an
inflammatory mediator like IL-1b in the vicinity of a collecting vessel cause markedly
enhanced permeability in the analogous contralateral collecting vessel of the same
experimental subject (134)? Is there a neural cue? Many an experimental design would
assume that the contralateral tissue is the ideal control, yet even such basic assumptions
require close examination. Clearly, much remains to be learned. Some of the more
straightforward tasks may include comprehensive profiling of lymphatic endothelium from
different organs and parts of the network. We have a hint, mostly derived from work in the
lymph node, that lymphatic vessel diversity exists and peripheral lymphatic capillaries are
distinct from those in the lymph node (http://www.immgen.org) (40, 106). Indeed, such
work highlights a number of genes relatively selectively expressed in the lymph node by
lymphatic endothelium. Some of these selected genes have already been connected to
lymphatic valve formation and maintenance (Table 2), yet lymphatic valves have not been
described in lymph nodes. Other genes suggest connections that might link lymph node
lymphatics to osmolyte transport (135, 136) and pacemaker activity (137). Clearly, there are
many new functional connections to be made as we explore lymphatic diversity in full. The
tools to do so are at hand.
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Figure 1.

Schema depicting the two major parts of the lymphatic vasculature: lymphatic capillaries
and lymphatic collecting vessels. With contraction of lymphatic collecting vessels, flow
through the lymphatic vessel occurs, and this dictates the direction of interstitial fluid flow
within the adjacent tissue. The larger cell in the tissue (p/nk) is depicted as secreting a
protein. Because of the distribution of the protein in the flow environment, the green cell
would be subjected to more interaction with the protein than the nearby cell in light blue.

The image also shows the distribution of IgG in the bloodstream and in the vasculature, with

the concentration of IgG being lower in the interstitial space than in plasma under all
conditions except when the permeability of the vessel has been increased, for instance,
because of secretion of IFN-y by T helper cells.
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Figure2.

Entry of immune cells into lymphatic capillaries. (&) Immune cells (dendritic cells are the
most thoroughly studied) migrate through the extracellular matrix of a tissue (purple) with
amoeboid movement by using matrix fibers (purple blocks) as structural supports, pushing
against them with force generated in the cytoskeleton (arrows) to make their way to the
lymphatic vessel. No specific adhesion is necessary between the cell and the extracellular
matrix. Immune cells continue to utilize adhesion molecule—independent amoeboid motion
to enter the lymphatic vessel, finding areas around the vessels with the least dense basement
membrane (yellow) and flap-like areas (b/ue) between lymphatic endothelial cells that are
not sealed by adherens junctions (gray and red). (6) In the context of an inflamed and
edematous tissue, extracellular matrix fibers may become less dense as fluid accumulates in
the tissue and increases the space between such fibers, making conditions unfavorable for
amoeboid movement without use of adhesion molecules. Under these circumstances,
immune cells employ integrins to anchor themselves to extracellular matrix fibers and
lymphatic endothelial cells to make their way into the lymphatic lumen. Abbreviations: EC,

endothelial cell; ECM, extracellular matrix.
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Figure 3.
Morphological features of lymphatic collecting vessels and lymph node lymphatic

endothelium using lineage tracer mice and immunostaining. (4) Human mesenteric
lymphatic collecting vessel stained for podoplanin (red) and smooth muscle actin (green) to
reveal the veiled-like pattern of muscle around the collecting vessels and the bulge often
seen around the valves. (6,¢) Two single z-stacks of a branched collecting lymphatic vessel
outside of the mouse popliteal lymph node, acquired from two-photon imaging in the Prox-1
ERCre x Tomatof/fl mouse crossed with the CD11cYFP mouse. The images show the
extremes at diastole and systole for the lymphangions in view. Lymphatics are red, dendritic
cells are green, and collagen is blue.
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Figure 4.
Lymphatic endothelial cells in antigen presentation require cooperation with dendritic cells.

The schema depict four scenarios described in the literature and covered in this review
where lymphatic endothelium in the lymph node participates in presenting antigen, most
generally to promote peripheral tolerance but also to serve as a long-term reservoir for
antigen presentation late in a response for the promotion of CD8" T cell memory. The
scenario in panel gis the only one that does not involve dendritic cells as critical
intermediates. (&) A subset of lymphatic endothelial cells express peripheral antigens, or
acquire them through uptake of dying cells, for subsequent MHC-I-mediated presentation to
CDS8* T cells, leading to immunological tolerance. (&) Lymphatic endothelial cells capable
of long-term retention of antigens, such as viral proteins or particles, in lymph nodes
undergo apoptosis during lymph node contraction in the late phases of an immune response.
The dying lymphatic endothelial cells are engulfed by DCs that cross-present foreign
antigens originally present in lymphatic endothelial cells. This mechanism fosters the
generation of CD8* T cell memory against viral antigens. (¢) Lymphatic endothelial cells
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can express MHC-I1 but lack HLA-DM for appropriate peptide loading of the MHC. CD4*
T cell-associated immunological tolerance can be fostered when proteins from lymphatic
endothelial cells are taken up by DCs, allowing for peptides derived from lymphatic
endothelial cells to be loaded onto MHC-11 molecules of the DCs. (&) Another mechanism
that allows lymphatic endothelial cells to support CD4* T cell immunity despite the lack of
HLA-DM occurs when lymphatic endothelial cells acquire intact MHC class l1-peptide
complexes from DCs, resulting in their presentation of antigen to CD4* T cells through a
mechanism referred to as cross-dressing.
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Key functional molecules expressed on lymphatic endothelium
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Molecule | Function | Reference(s)

Prox-1 | Transcription factor necessary for lymphatic development and maintenance. | 138

LYVE-1 Binds high molecular weight hyaluronic acids when presented as aggregates. May sense microbes. Also 58, 66, 139
expressed by a subset of macrophages.

Podoplanin | Ligand for CLEC-2 that when expressed on platelets mediates lymphatic vessel stabilization during 123, 140, 141
development. Also expressed by many stromal cells and podocytes.

CCL21 Chemokine expressed on lymphatic endothelial cells to attract CCR7* cells into the lymph system. Unique 40, 41, 46, 47,73
isoforms of CCL21 distinguish peripheral and lymph node lymphatic endothelia.

D6 Atypical chemokine receptor that scavenges inflammatory chemokines to facilitate resolution of 49,51, 54

inflammation.
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Survey of gene expression profiling in the Immunological Genome Project identifies novel genes selectively
expressed by lymphatic endothelial cells in lymph nodes

Gene | Functions | Reference(s)
Xlr5a | X-linked lymphocyte related; unknown function. | None
Msr1 | Encodes Scavenger Receptor A, traditionally associated with antigen uptake by macrophages. | 142
Stab2 Stabilin 2; hyaluron receptor that mediates endocytic clearance of heparin. Known to be expressed on subset | 107, 143
of human lymph node lymphatic endothelium.
Sema3a | Semaphorin 3a/neuropilin 1; role in lymphatic vessel maturation and valve formation. | 144
Mmrn/Emilin 4 | Emilin family member; Emilin 1 is described as a crucial ligand for aq integrin that maintains lymphatic 84
valve structure in peripheral collecting lymphatic vessels.
Fhdcl | Microtubule-binding member of the formin family that regulates Golgi morphology. | 145
Nts Neurotensin; neuropeptide that modulates dopamine signaling. In the Immgen database (www.immgen.org), | 146
MHC-11* thymic epithelial cells are the only cells expressing Nfs besides lymphatic endothelial cells.
Gpméa Glycoprotein M6A,; transmembrane protein associated with filopodia formation. Previously associated with 147
neurite growth and guidance.
Slc45a3 | Sucrose symporter that functions in osmoregulation in the kidney. | 135
Popdc2 | Popeye domain—containing protein associated with the regulation of cardiac pacemaking in the sinus node. | 137
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