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Abstract

Advances in our understanding of the structure and function of the lymphatic system have made it
possible to identify its role in a variety of disease processes. Because it is involved not only in
fluid homeostasis but also in immune cell trafficking, the lymphatic system can mediate and
ultimately alter immune responses. Our rapidly increasing knowledge of the molecular control of
the lymphatic system will inevitably lead to new and effective therapies for patients with
lymphatic dysfunction. In this review, we discuss the molecular and physiological control of
lymphatic vessel function and explore how the lymphatic system contributes to many disease
processes, including cancer and lymphedema.
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1. INTRODUCTION

Research into the development, structure, and function of the lymphatic system has been
accelerating over the past decade, fueled by the seminal discoveries of the first lymphatic
growth factor (1) and markers to help identify lymphatic vessels in tissue (2, 3). These
critical molecular tools have allowed the exploration of the formation of the lymphatic
system in the embryo (3-5); the growth, maturation, and function of lymphatics in the adult
(1, 6); and the role of lymphatic vessels in disease processes (7-12). Interest in the
lymphatic system has increased rapidly as its functional role in immune function has become
more evident (13-15). In this review, we discuss the current understanding of the role of the
lymphatic system in normal and disease processes.
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2. THE LYMPHATIC SYSTEM

The lymphatic system is critical for maintaining tissue fluid balance, transporting antigen
and antigen presenting cells (APCs) to lymph nodes to generate adaptive immune responses,
and carrying lipids absorbed in the gut to the blood circulation. Correspondingly, disruption
of the lymphatic system can lead to lymphedema, localized immune compromise, and gut
malabsorption. The lymphatic system is also involved in cancer progression, as metastatic
cancer cells can spread to lymph nodes through lymphatic vessels.

Lymph is created from a tissue’s extracellular fluid and contains unique components derived
from that tissue, reflecting its current functional state. Thus, the composition of lymph
differs when sampled from lymphatic vessels draining different tissues and changes with
time as a tissue undergoes physiological or pathological processes. Lymph production occurs
as tissue fluid enters initial lymphatic vessels (Figure 1), which consist of a single layer of
overlapping endothelial cells (ECs) on a discontinuous basement membrane, typically with
sparse association with perivascular cells. Initial lymphatic endothelial cells (LECs) are
connected by “button-like” (16) intercellular junctions that facilitate the collection of
interstitial fluid and its contents. The unique microarchitecture of these oak leaf—shaped
LECs creates overlapping flaps of adjacent cells, which form primary valve structures in the
wall of initial lymphatics (17). When tissue fluid pressure is greater than that in an initial
lymphatic, the primary LEC valves open and extracellular fluid freely enters (17, 18). When
the fluid pressure is higher inside the lymphatic vessel, the LEC valves close, trapping the
newly formed lymph inside. Functionally, the primary LEC flaps act as one-way valves and
are critical for the production of lymph. The primary LEC valves also enable dendritic cells
(DCs) to pass through and enter the vessel without requiring integrin adhesion or pericellular
proteolysis (19). DCs and other APCs are attracted to initial lymphatic vessels by local
chemokine CCL21 gradients produced by LECs and interstitial flow (20-23). After entering
an initial lymphatic vessel, DCs can interact with and crawl on LECs as they travel to the
lymph node (15).

After lymph is produced in initial lymphatic vessels, it travels toward lymph nodes and
eventually back into the blood circulation. Vessels proximal to the initial lymphatics—
precollecting and collecting lymphatic vessels—have an increase in coverage by specialized
lymphatic muscle cells (LMCs) (24). In contrast to initial lymphatic vessels, the LECs in
collecting lymphatic vessels have a continuous “zipper-like” (16) junction pattern, creating
tight junctions and reducing the transport of material across the vessel wall under normal
conditions. Collecting lymphatic vessels also contain intraluminal valves, which are
composed primarily of ECs and matrix. These valves maintain unidirectional proximal
lymph flow by preventing flow distally when closed and functioning properly (25). The
vessel segment between two intraluminal valves is known as a lymphangion, which is the
primary pumping structure of the lymphatic system. In physiological conditions, both active
pumping by LMCs and passive forces—such as pulsatile blood flow, skeletal or smooth
muscle contraction, fluid pressure gradients, and gravity—drive lymph flow (17, 26).
However, in the absence of these passive mechanisms, autonomous LMC-mediated
contractions of lymphatics vessels can drive lymph through the lymphatic system toward the
blood circulation (6, 27). Many signaling molecules regulate lymphatic contractions,
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including EC-derived nitric oxide (NO), calcium signaling, and certain neurotransmitters
(28).

A critical component of collected lymph fluid is the rich diversity of antigens and humoral
factors that are derived from the surrounding tissue. The lymph fluid travels through
collecting lymphatic vessels to the lymph nodes, where the transported antigens and APCs
accumulate. During normal homeostasis, DCs and memory T cells are the most common
cells transported through lymphatic vessels (29, 30). Most of the time, DCs sample self-
antigens, maintain an immature status, and express low levels of costimulatory molecules
after arrival in the lymph node. In this way, DCs carrying self-antigen can control self-
reactive T cell activity by inducing anergy and clonal deletion, mediated by signaling
molecules such as cytotoxic T lymphocyte—associated protein 4 (CTLA-4) and programmed
death 1/programmed death ligand 1 (PD-1/PD-L1) (31, 32). Thus, lymph nodes help central
tolerance mechanisms generated in the thymus to maintain peripheral self-tolerance.
Resident lymph node stromal cells [e.g., LECs or fibroblastic reticular cells (FRCs)] also
promote tolerance through their expression of peripheral tissue antigens and immune
checkpoint molecules (14, 33-36). In contrast, foreign antigens stimulate robust adaptive
immune responses. As foreign antigens are presented on activated DCs—which express high
levels of costimulatory molecules—and arrive in the lymph node from collecting lymphatic
vessels, lymphocytes are stimulated and begin differentiating into effector cells. Thus,
functional transport through lymphatic vessels is necessary for maintaining the lymph node
microarchitecture and supporting optimal interactions between APCs and cognate
lymphocytes (37).

Numerous signaling molecules cooperate in the formation and maintenance of lymphatic
vessels (1, 4, 5). Two major families of signaling pathways that govern LEC biology are the
VEGF-VEGFR (vascular endothelial growth factor-VEGF receptor) family and the Ang-
TIE (angiopoietin—tyrosine kinase with immunoglobulin and epidermal growth factor
homology domain) family. Activation of VEGFR-2 and VEGFR-3 by VEGF-C and VEGF-
D drives lymphangiogenesis, and new lymphatic vessels are maintained by these pathways
during adulthood (1, 38). Angiopoietin molecules stimulate postnatal vessel growth,
remodeling, and maturation (39-41). In addition, many other signaling molecules—such as
ephrin-B2, hepatocyte growth factor, and platelet-derived growth factor—derived receptor-f3
—are critical for the growth, remodeling, and maturation of the hierarchical lymphatic
vessel network (42-44). CD11b*™ macrophages also play important roles in inflammation-
and tumor-induced lymphangiogenesis, including by producing VEGF-C and VEGF-D (45—
47).

3. LYMPHATIC TRANSPORT AND PUMPING

3.1. Lymph Drainage: An Overview

Drainage of lymph from tissues is driven by fluid pressure gradients. The gradients can be
established by plasma leakage from blood microvessels (which pushes fluid into the
lymphatic system) or by the active pumping of collecting lymphatic vessels (which pulls the
fluid in). The pressure gradients drive fluid through the tissue and into the lymphatics,
effectively flushing the extravascular space—a process thought to be important for
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conditioning the extracellular matrix and providing signals to tissue cells. The ability of the
collecting lymphatic vessels to actively contract to create lymph flow is a key feature that
maintains the pressure gradients, ensuring fluid homeostasis. The relationship between
tissue fluid pressures and lymph drainage has been explored with mathematical models (48—
50) and studied in vivo by tracking the movement of fluorescent tracers (51).

3.2. Physiology of Lymphatic Pumping

Because dysregulation of fluid homeostasis impairs immune function and creates
pathologies such as lymphedema, the ability of lymphatic vessels to restore homeostasis by
active pumping has been a topic of intense research. Although similar signaling pathways
and contraction machinery are present in the blood and lymphatic systems, the lymphatic
vessels are unique in their ability to act as a distributed system of pumps, as opposed to the
blood system, where flow is driven by a single pump. Consequently, determining how the
calcium-based contractions can be initiated and coordinated in normal physiology, and how
this control might be disrupted in pathologies, is an active area of research.

3.2.1. Calcium dynamics and lymphatic muscle contractions—There is a rich
literature describing the mechanisms responsible for collecting lymphatic vessel contractions
(6, 24, 52). Similar to blood vessels, the muscle cells that surround lymphatic vessels
respond to changes in Ca2* concentration: When CaZ* levels in the cytosol rise due to influx
from extracellular and intracellular stores, myosin light-chain kinase (MLCK) is activated,
generating force through the crossbridging of actin and myosin light chain (53, 54).

Cytosolic calcium concentrations are affected by many processes and depend on the activity
of various ion channels (Figure 2). Inositol 1,4,5-trisphosphate receptors (IP3Rs) are
involved in the initial Ca2* influx, which can in turn open calcium-activated chloride
channels (CaCCs), leading to further depolarization (55, 56). The calcium flux also involves
voltage-gated L-type channels and ryanodine-sensitive channels, although the importance of
calcium-induced calcium release (CICR) is not well established in LMCs. The forward
feedback due to the opening of calcium-dependent and voltage-sensitive channels results in
a rapid spike in cytosolic Ca* and depolarization of the cell membrane, a process that, when
it occurs without an external trigger, is known as a spontaneous transient depolarization
(STD). The STD, and the resulting contraction, can be blocked with Ca?* chelators (57).

Once a cell in the vessel wall initiates a contraction, the Ca2* wave can propagate the
contraction along the vessel (58). It has been suggested that a subset of cells acts as a
pacemaker to initiate the contractions (59, 60). However, the production of STDs is distinct
from cardiac electrical pacemaker activity, which is established via nerve action potentials
(52, 57, 59). Some larger lymphatic vessels have nerves in their walls that can alter pumping
contraction frequency when stimulated (61), but it is not clear whether smaller lymphatic
vessels are innervated, or how such action potentials could be coordinated throughout the
network.

The process by which calcium fluctuations progress to become STDs in individual
pacemaker cells is still an area of active investigation, and many biochemical pathways have
been implicated. Neurotransmitters such as noradrenaline, isoproterenol (61, 62), and
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substance P (63) and inflammatory mediators such as histamine (54, 64, 65) can affect
lymphatic contractions by altering calcium fluxes through various channels. Endothelium-
derived agents such as endothelin-1 (ET-1) can also enhance lymphatic vasomotion. ET-1
acts through 1P3, directly affecting the IP3R-mediated release of Ca2* (66).

3.2.2. Mechanical activation of contractions—Much of our knowledge of
lymphatic physiology derives from experimental models in which lymphatic vessels are
isolated ex vivo, cannulated, and challenged with various pressure regimens (6, 64, 67).
These experiments are able to quantify lymphatic function and have shown that lymphatic
vessel contractions are very sensitive to physical distension of the vessel wall (6, 68, 69). For
example, increasing luminal pressure without changing the axial pressure gradient increases
both the frequency and force of the individual contractions (67, 70), and the contractions are
preceded by transient calcium bursts (71). At higher pressures, lymph output decreases,
likely due to pressure-limited wall displacement (69, 72).

Other studies have applied strain to the vessel wall directly, independently of fluid pressure,
using servo-controlled wire-myograph devices (73). These devices allow isometric
stretching of the vessel wall and measurement of the resulting contractions. Stretching the
vessel increases the amplitude and the frequency of the contractions, and the behavior is
dependent on the rate of stress application: Fast stretching induces bursts of higher-
frequency contractions (74).

These studies suggest that a calcium release mechanism in lymphatic vessels is modulated
by mechanical stresses. Although our understanding of mechanically activated channels lags
behind that of voltage- or ion-gated channels, there are a few candidates that could be
involved in the lymphatic response to mechanical distension. Stretch-activated channels
(SACs) were originally identified in nerve cells, where they mediate processes such as
sensation of touch, pain, and hearing. Endothelial and smooth muscle cells of blood vessels
also have SACs (75). By changing conformation in response to membrane deformation,
SACs can increase their permeability to Ca2*. They have been implicated in the control of
cell volume and the mediation of ion exchange as the channels are opened due to membrane
stretch (76). They are also involved in orchestrating Ca2* fluxes in the filopodia of migrating
epithelial cells (77). Whether SACs play a central role in driving the cyclic lymphatic
contractions remains to be determined.

3.2.3. Modulation of contractions: endothelium-derived relaxing factors—
Whereas some vasoactive agents enhance lymphatic muscle contractions, there are also
complementary mechanisms that dampen the Ca2* dynamics (64, 78-80). Perhaps the best
characterized is NO, a vasodilator produced by the endothelium. NO diffuses to the LMCs,
where it affects multiple aspects of the Ca2* contraction machinery (60, 65, 81-83). NO
modulates Ca2* release and uptake (84), as well as the activity of key enzymes involved in
force production (85, 86). By activating cytoplasmic guanylate cyclase in vascular smooth
muscle, it can decrease vascular tone through cyclic guanosine monophosphate (cGMP)-
dependent mechanisms (Figure 2). NO decreases in-tracellular Ca2* by inhibiting its entry
from internal stores through IP3R channels. At the same time, it can activate sarco/
endoplasmic reticulum Ca2* ATPase (SERCA) and BKCa channels to increase Ca2* outflux
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(60, 87). NO also directly induces relaxation by dismantling the myosin light-chain
crossbridges through protein kinase G (PKG) and myosin light-chain phosphatase (88, 89).
Together, these effects result in lymphatic vessel relaxation and decreased contraction
frequency. Under normal conditions, NO is produced primarily by the endothelium in
response to increased fluid flow (60, 82, 90), but during inflammation, NO can be produced
by extravascular stromal cells via another enzyme, inducible nitric oxide synthase (iNOS),
and the resulting excess of NO can inhibit pumping (65).

The fact that NO is produced through endothelial nitric oxide synthase (eNOS) in response
to fluid shear forces allows it to establish another mechanobiological feedback system that,
together with stretch-activated calcium channels, can help control the phasic contractions
(91). Endothelium-derived relaxing factors such as NO provide a counterbalance to calcium-
induced contractions, maintaining vessel dilation in circumstances when low resistance is
needed to allow pressure-driven flow (78). Unfortunately, relatively little is known about
endothelial mechanobiology and the structures in the cells that transduce shear stress signals.
Although channels such as piezol might be involved, other structures such as cytoskeletal
elements, adhesion molecules (92), and glycocalyx components (93, 94) have been
implicated in vessel mechanobiology. Furthermore, it is likely that cells in the lymphatic
wall use distinct pathways to discriminate fluid shear stress and pressure-induced stretch,
given the distinct responses to these stimuli. Thus, more research is needed to identify and
characterize the mechanosensors involved in lymphatic physiology.

3.3. Coordination of Lymphatic Pumping

It is not obvious how a series of lymphangions in a lymphatic network can be controlled so
that the contractions are coordinated efficiently. In the blood system, a single pump (the
heart) drives flow through the diverging arterial network, and the network itself is relatively
passive (with the exception of vasodilation, which adjusts vessel diameters to distribute the
flow to capillary beds according to local demand). In the lymphatic system, we have the
inverse scenario: Because the network is converging rather that diverging, the individual
contractions need to be coordinated along vessels and at branch points so that the system
does not fight against itself.

Because of the complexity in driving such a system by long-range nervous system actuation,
it seems reasonable that local feedback is primarily responsible for controlling the
contractions and relaxations. Lymph flow and fluid pressure are two primary indicators of
how well the lymphatic system is functioning. Therefore, it is logical that these physical
properties should be central to the intrinsic control mechanisms. The question is: How do
these mechanical signals integrate with the known physiology to regulate contractions?

Computational modeling shows that the mechanosensitive calcium and NO dynamics can
cooperate to control lymphatic transport via mechanobiological feedback loops (91): During
a lymphatic contraction cycle, increased flow causes local eNOS activation, and the
subsequent production of NO attenuates and/or reverses the Ca2*-dependent contraction
(Figure 3). As the vessel relaxes, NO degrades rapidly and its production drops due to the
reduced fluid velocity in the now-larger-diameter vessel. Meanwhile, membrane potentials
and resting calcium levels are restored in preparation for another contraction. The next
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contraction can be triggered by any signal able to mobilize Ca2*, including opening of
SAGCs, release of neurotransmitters, or Ca2* flux through gap junctions of neighboring cells.

Using this scheme as a basis for mathematical simulations, one can reproduce lymphatic
pumping over a range of transwall pressures, as well as a decrease in vessel tone (larger
diameter) due to increased luminal pressure (Figure 44). In these simulations, axial pressure
gradients affect pumping indirectly, by changing the level of NO. In agreement with
experimental studies showing that imposed flow tends to inhibit contractions (68, 78, 95,
96), the simulations predict decreasing amplitude with increasingly negative (helping) axial
pressures (Figure 45). In addition, experimental observations have shown that the system is
able to pump without endothelium-derived NO (87). Our simulations suggest that this is
possible for a limited range of pressures: If the pressure is too low, stretch-activated
contractions cannot be maintained, and if the pressure is too high, the vessel stalls and
cannot complete a contraction cycle. By contrast, with shear-induced NO, positive flow rates
are possible over the full range of pressures considered due to NO steering (91).

Computer simulations based on known mechanobiological systems can reproduce the range
of behaviors observed in lymphatic vessels in vivo and show how lymphatic vessels adjust
their vasomotion using mechanical cues of pressure and flow. The feedback provided by NO
pathways and calcium fluxes establishes a robust and autoregulated system that drives active
pumping when gravity opposes flow but induces vessel relaxation when pressures are able to
drive flow passively (Figure 4¢).

3.4. Summary and Conclusions

To appropriately respond to changing fluid environments, the lymphatic system needs
feedback mechanisms so it can correct any imbalances dynamically and locally. One way it
can do so is through mechanobiological activation of biochemical pathways that control the
motion of the vessel wall. Such active coupling of mechanical signals and biochemical
pathways creates a complex system in which the flow of lymph, or changes in its pressure,
can modulate lymphatic contractions and control fluid drainage. The reliance of lymphatic
pumping on mechanosensors for controlling calcium and NO levels suggests that these
might be new, selective targets for modulating lymphatic function in pathologies. Once the
mechanosensors are better characterized, it should be possible to develop drugs to either
enhance or block these pathways with minimal toxicity to blood vessels and other tissues.

4. ROLE OF THE LYMPHATIC SYSTEM IN CANCER PROGRESSION

4.1. Lymph Node Metastasis: Clinical Role

Lymph nodes are the most common sites of solid tumor metastases. Their presence signals a
poorer prognosis and prompts a recommendation for systemic therapy in most cancer
patients. However, why lymph node metastases are such strong predictors of outcome in
cancer patients is the subject of much debate. On one hand, it is possible that the presence of
cancer cells in lymph nodes simply reflects the ability of the primary tumor to metastasize,
and the actual disease in the lymph nodes is inconsequential (97, 98). On the other hand, the
strong predictive power of lymph node metastases could be due to the ability of cancer cells
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in the lymph node to leave and spread to distant metastatic sites (99-101). This argument
suggests that lymph node metastases need to be treated in order to prevent distant metastasis
and ultimately eliminate all disease from the patient (102-104). For an individual patient,
the truth likely lies in between, depending on where on the spectrum of progression to
distant metastasis the cancer is diagnosed (105). The status of distant metastasis in
individual patients will determine how large a role lymph node metastases will play in the
outcome for the patient—that is, whether there is risk of further spread from lymph nodes or
whether distant spread has already occurred.

4.2. Tumor-Draining Lymphatic Vessels

Initially thought to be a passive process, lymphatic metastasis is now thought to be regulated
at multiple steps, including the attraction and entry of cancer cells to lymphatic vessels and
the successful penetration into draining lymph nodes (106). Solid tumors commonly induce
an expansion of the surrounding lymphatic network (8, 38). However, functional lymphatic
vessels are restricted to the tumor margin and peritumor regions surrounding tumors (107).
As tumors lack intratumor functional lymphatic vessels, the interstitial fluid pressure is
elevated, which can alter lymph flow to tumor-draining lymph nodes (108). In experimental
mouse models of cancer, over-expression of the lymphangiogenic growth factors VEGF-C
and VEGF-D enhanced peripheral tumor lymphatic vessel growth and increased lymph node
metastasis (8, 107, 109, 110) as a result of an increased number of cancer cells arriving in
the lymph node (108, 111). CCL21 production by the lymphatic endothelium can also be
enhanced by VEGF-C, thereby promoting lymphatic entry of CCR7* tumor cells (112).
Thus, tumor cells that arrive at the lymphatic vessels may enter passively or by active
signaling mechanisms.

After entry of tumor cells into tumor margin initial lymphatic vessels, the cancer cells travel
through collecting lymphatic vessels to the lymph node (Figure 5). Tumor-derived VEGF-C
and VEGF-D increase the contraction of proximal collecting lymphatic vessels (1),
potentially increasing lymph flow and tumor cell dissemination (108, 113). When tumor-
induced lymphatic vessel remodeling was prevented, the spread of cancer cells to lymph
nodes was reduced (108, 111, 114, 115). In collecting lymphatic vessels draining melanoma,
it is thought that lymph flow promotes the spread of “in-transit metastases”—cancer cells
that are initially spread locally to tissues between the primary tumor and the lymph nodes—
ultimately leading to lymphatic metastasis (116).

As tumors grow in lymphatic vessels or overtake a lymph node, flow resistance increases
and lymph is diverted around these structures through collateral lymphatic vessels (117-
119). Similarly, removal of popliteal lymph nodes in mice results in rerouting of lymph
drainage from hind-limb tumors through preexisting collateral lymphatic vessels, causing
corresponding changes in the patterns of lymph node metastases (120). On the basis of these
data, new routes of lymph transport created after regional lymphadenectomies may allow
cancer progression to additional lymph nodes.
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4.3. Molecular Signals Precondition the Lymph Node Microenvironment

In 1889, Paget (121) described the interaction between the tumor cell (which he called the
seed) and the microenvironment (the soil). At distant metastatic sites, the arrival and
successful colonization of tumor cells are often preceded by changes in the
microenvironment of the metastatic organ—referred to as a premetastatic niche. Several
studies have now elucidated some distinctive features of premetastatic lymph nodes,
including increased lymphangiogenesis and lymph flow (122), remodeling of high
endothelial venules (HEVs) (123-125), recruitment of myeloid cells, and reduction of
effector lymphocyte numbers and function (Figure 5) (126). It is thought that lymph-
transported molecules that originate from the primary tumor orchestrate these events as they
arrive in the sentinel lymph node. Immune cell composition can also be altered in tumor-
free, nonsentinel lymph nodes, suggesting that some effects on the immune system can be
propagated to multiple lymph nodes (127).

Lymph node lymphangiogenesis (LNL) is the best-characterized aspect of these
premetastatic changes. LNL, but not angiogenesis, is a strong predictor of further lymph
node metastasis (128). LNL is driven by VEGF-A, VEGF-C, integrin a4p, and
erythropoietin (129-131) and correlates with increased systemic metastasis in these studies.
In addition to causing changes in the lymphatic vasculature in premetastatic lymph nodes,
HEV:s also remodel and lose surface molecules, altering their function (123, 132). The
remodeling of HEVs in tumor-draining lymph nodes likely impairs the recruitment of naive
lymphocytes and the antitumor immune response. Remodeled HEVs may also increase the
supply of oxygen and nutrients to a growing lymph node lesion, as lymph node metastases
seem not to rely on angiogenesis (124).

In addition to ECs, other stromal cells and the immune cell populations are altered in tumor-
draining lymph nodes. CCL21 production is impaired (133), whereas Stat-3/S1PR1
signaling in myeloid cells (134) and prostaglandin E2 (PGE2) production in subcapsular
sinus DCs are increased (126). Blocking Stat-3/S1PR1 reduces metastasis, whereas PGE?2
production leads to SDF-1a production, which is known to attract CXCR4* tumor cells and
correlate with lymph node metastasis (135).

Several cytokines play a prominent role in the immunosuppression of tumor-draining lymph
nodes. Interleukin (IL)-10, transforming growth factor (TGF)-f, and granulocyte
macrophage colony—stimulating factor (GM-CSF) are all elevated in tumor-draining lymph
nodes (136, 137). Similarly, recruitment of myeloid immune cells from the blood also
promotes an immunosuppressive microenvironment in premetastatic lymph nodes,
facilitating cancer cell growth and expansion (127).

These studies show that tumor-draining lymph nodes undergo vascular and stromal
remodeling, have altered immune cell recruitment, and change the normal chemokine
environment. Together, these alterations create a permissive microenvironment for metastatic
growth as well as suppression of antitumor immunity.
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5. THE GROWTH OF LYMPH NODE METASTASES

The previous section describes how tumors can alter the draining lymph node and cancer
cells can invade tumor-draining lymphatic vessels. In this section, we discuss the formation
of metastasis as cancer cells arrive and grow in a lymph node, as well as potential
therapeutic opportunities.

5.1. Cancer Cell Survival in the Lymphatic System

Cancer cells that enter the lymphatics need to survive in a low-oxygen environment (138,
139). Cancer cells that subsequently reach the lymph node first encounter the subcapsular
sinus (SCS), which is devoid of blood vessels. Here, they experience hypoxia (124), which
affects tumor cell metabolism and selects for clones that are more aggressive and metastatic.
This selection and adaptation may enable cancer cells to survive in the avascular SCS,
spread further in the patient, or alternatively enter a state of dormancy while in the SCS.

Angiogenesis is known to be induced in response to hypoxic environments. However,
increases in blood vessel density in lymph node metastasis have not been observed (115,
124, 140, 141). Sprouting angiogenesis was not observed in a study using intravital
microscopy to longitudinally follow the growth of spontaneous lymph node metastases in
mouse models (124). Instead, cancer cells in the SCS invaded the lymph node, where they
could utilize the native vasculature of the lymph node. In doing so, these cells no longer
experienced hypoxia (124).

5.2. Chemokine Signaling in Lymph Node Metastases

In lymph nodes, chemokines help direct immune cells to new locations in order for them to
perform their functions in initiating and maintaining adaptive immune responses, as well as
preserving self-tolerance. Increasing evidence shows that cancer cells can utilize these
pathways to spread to lymph nodes. A seminal study by Miuller et al. (135) showed that
expression of several chemokine receptors, including CXCR4 and CCR7on breast cancer
cells from patients, correlates with lymph node metastasis. By blocking CXCR4 signaling,
lung and lymph node metastases were reduced in mouse models (135). Additionally, CCR7
signaling increased lymph node metastasis in mouse models of melanoma (142) and
esophageal cancers (143). Expression of CCL1 by LECs of the SCS permitted CCR8* tumor
cell escape from the SCS. Invasion of these melanoma cells into the lymph node
parenchyma was blocked by inhibiting CCL1/CCR8 signaling (144). In addition to attracting
tumor cells, chemokines may also establish a protumor microenvironment in the lymph node
on the basis of the immune cells they attract and their role in determining the effector
function of these cells. The potential to reduce cancer cell spread and boost antitumor
immune function makes targeting specific chemokine signaling pathways an attractive
option to add to standard cytotoxic approaches for cancer treatment.

5.3. Evading Immune Surveillance in the Lymph Node

Lymphatic vessels carry foreign, pathogenic, or self-antigens as well as antigen-loaded DCs
to lymph nodes, where each antigen is surveyed. Precise control over the interaction between
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DCs and lymphocytes is critical to prevent immune responses to self-antigens. Lymph node
stromal cells—FRCs and ECs—help facilitate these interactions (145, 146).

Tumor-draining lymph nodes commonly have an environment that suppresses immune
response. For example, fewer effector T cells are found in metastatic and premetastatic
lymph nodes (127). In addition, myeloid-derived suppressor cells (MDSCs) can accumulate
in sentinel lymph nodes, resulting in the recruitment of inhibitory regulatory T cells (Tregs)
and suppressed T cell proliferation and function (147, 148). Many similarities are observed
in tumor-draining lymph nodes as those draining areas of chronic inflammation. For
example, activated LECs of the afferent lymphatic vessel can present self-antigens on major
histocompatibility (MHC) class | molecules. These LECs lack the costimulatory molecules
necessary to activate CD8* T cells and express the immune checkpoint inhibitory ligand PD-
L1 (14). Thus, LECs can scavenge and cross-present self-antigens from lymph on MHC
class | molecules, leading to the deletion of autoreactive naive CD8" T cells (149). This
ability for LECs from afferent lymphatic vessels (the connection between the tumor and the
lymph node) to cross-present antigen may promote the survival of tumor cells in lymph
nodes. LECs can also alter the maturation of DCs, preventing an immune response (150).

It is in the context of these alterations in tumor-draining lymph nodes that metastatic cancer
cells arrive to establish metastatic lesions and evade T cell responses. Cancer-induced
remodeling of HEVs can potentially impair immune cell trafficking to the lymph node (124),
promoting tumor cell survival. Among the T cells that populate a metastatic lymph node,
tumor-specific T cells are functionally tolerant (151), stemming from inhibition by LECs
(149) as well as inhibition by CTLA-4 or PD-1 during initial interaction with their cognate
receptor on DCs or cancer cells (31, 32, 152, 153). In late-stage cancers, further evidence of
immune suppression is observed in the lack of effector function in proliferating CD8* T
cells (154).

In addition to T cells, B cells also can affect the growth of lymph node metastasis (155). B
cells process and present antigen to naive CD4* or CD8* T cells in tumor-draining lymph
nodes, activating effector T cell response to tumor antigens (156). Activated B cells also
clonally expand and secrete tumor-specific immunoglobulin G (IgG) in response to tumor
antigens in the sentinel lymph node (157). These studies underscore the role of B cells in
generating antitumor immunity, although additional research will be critical to fully
understand the importance of B cells and reveal any potential anticancer therapeutic
opportunities.

5.4. Clonal Dissection of Lymph Node Metastases in Solid Tumors

Recent genomic studies have attempted to better define the sequence of disease progression
from primary tumor to distant metastasis (158-160). These data show that human lymph
node metastases are polyclonal and contain similar genetic compositions as the primary
tumor (159, 160). In contrast, clonal lesions have been detected in distant metastases (158—
160). Research in animals has also shown direct evidence that lymph node metastases
originate from multiple cells that disseminate from the primary tumor (124). These data
suggest that there is a fundamental difference in the spread of cancer through lymphatic
vessels in comparison to blood vessels. Lymphatic vessels bring cancer cells to a common
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location—the lymph node—where they deposit cancer cells. As such, lymph node
metastasis can be continually reinforced by the arrival of new cells as they gain a foothold in
their new microenvironment (Figure 5). In contrast, the branching blood vasculature delivers
metastatic cells to multiple locations in a single organ, leading to a greater chance of
selecting a specific clone that will show genetic divergence from the primary tumor. These
observations may have multiple implications for patients with lymph node metastasis (12).
The genetic diversity in lymph node metastases makes targeting a single molecular pathway
to treat lymph node metastases challenging and may not prevent progression of the disease
(159).

5.5. Treating Lymph Node Metastases

Although metastasis remains the major cause of cancer mortality, the challenge of
eradicating cancer cells that have spread to lymph nodes or distant organs remains. Seminal
discoveries defining the molecular and cellular mechanisms that drive metastasis have yet to
improve survival for many patients with metastatic disease. One limitation is that most
anticancer drugs are optimized by studying the primary tumor growing in its native
microenvironment. The local microenvironment in which tumor cells grow greatly affects
growth rate, metabolism, vascularization, immune response, and ultimately response to
therapy. Thus, drugs designed to work in the primary tumor are often less effective in
treating metastasis. Preclinical and clinical studies show that lymph node metastases and
primary tumors can respond differently to the same therapeutic regimen (111, 124, 161-
164). Drug development needs to account for the various microenvironments in which
disseminated cancer may reside to improve efficacy of therapy.

In addition to adapting drugs to the biology imposed by the lymph node microenvironment,
investigators are attempting to improve the delivery of pharmaceuticals to the lymph node.
Subcutaneous chemotherapy targeted to regional lymph nodes increased lymph node drug
concentration compared with intravenous delivery (165), although this method has yet to be
tested in a spontaneous model of lymph node metastasis. Lipid nanoparticles also increased
delivery of antiretroviral drugs to lymph nodes of primates (166). Similar approaches should
be tested for improved efficacy in lymph node metastasis. Nanoparticles successfully
delivered adjuvant to sentinel lymph nodes in order to stimulate a response to tumor antigens
already present. This strategy stimulated an immune response and reduced tumor growth
(167).

In addition, novel immunomodulating agents may be beneficial to patients with lymph node
metastasis. Inhibition of GM-CSF reduces tumor-induced tolerance by increasing tumor-
specific CD8* lymphocytes that produce interferon (IFN)-y in lymph nodes (168). Similarly,
inhibition of TGF-} decreases Tregs and increases the number of tumor antigen—specific
CD4* and CD8™ T cells producing IFN-y (169), thereby inhibiting the growth of distant
metastases. Methods to further activate an antitumor immune response in lymph node
metastases are under development.
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6. IMPAIRED LYMPHATIC FUNCTION IN LYMPHEDEMA

Lymphedema describes a progressive pathologic condition in which lymphatic vessels fail to
drain fluid from the interstitial space and return it to the blood. This failure causes
accumulation of protein-rich fluid combined with inflammation, adipose tissue hypertrophy,
and progressive fibrosis (170), ultimately leading to reduced quality of life, functional
impairment, and physical deformity. Primary lymphedema is defined as a congenital form of
lymphedema caused by dysplasia of lymph vessels, with the phenotype developing at
varying stages in a patient’s life. Primary lymphedema is commonly associated with a
congenital syndrome (171). Secondary lymphedema is acquired during life and is mainly a
consequence of trauma, infection, surgery, radiation, or malignancy (172). An estimated
three million patients in the United States are currently afflicted with lymphedema (9, 173)
—nearly 1% of the population. Currently, lymphedema treatments help alleviate symptoms
but do not cure the underlying disease processes (174). Here, we describe the different
origins of lymphedema, discuss how they develop, and present potential therapeutic
opportunities for lymphedema patients.

6.1. Primary Lymphedema

Primary lymphedema is congenital and defined by the age of onset. The disease itself is rare
and affects 1.2 per 100,000 patients younger than 20 years (172). Primary lymphedemas are
caused by a variety of developmental and/or functional defects affecting the lymphatic
vessels.In these patients, extremities are typically affected as a result of insufficient drainage,
although visceral drainage can also be abnormal (171). In children, primary lymphedema is
typically part of Milroy’s disease or lymphedema—distichiasis (174). Today, many of the
gene mutations associated with primary lymphedema involve the VEGF-C/VEGFR-3 axis or
developmental pathways for lymphatic vessel formation (175), but mutations downstream of
other tyrosine kinase receptors and developmental genes have also been identified. Table 1
presents a list of congenital lymphatic abnormalities.

6.2. Secondary Lymphedema

Secondary lymphedema is usually caused by trauma to lymphatic structures, infection,
surgery, radiation, and/or malignancy (172, 174). Therefore, secondary lymphedema
generally develops at a later age than primary lymphedema and may progress to a chronic
condition. Lymphedema caused by the nematode parasite Wiichereria bancrofti remains the
most common cause of lymphedema worldwide, responsible for 90% of cases of lymphatic
filariasis (179). The remaining 10% are caused by Brugian species, Brugia malayi and
Brugia timori (180). The clinical manifestations of lymphatic filariasis are varied, and
clinically apparent lymphatic disease is present in 30-40% of the estimated 120 million
individuals with filarial infections (180). All lymphatic filariasis patients typically show
retrograde adenolymphangitis with an acute infection. Lymphedema of the lower leg,
elephantiasis, and chyluria are the most common chronic conditions (181). Rather than
rendering the lymphatics hyperpermeable, active lymphatic remodeling involving EC
growth, migration, and proliferation is considered an important feature in early filarial
infection (182). Current treatments involve targeting the endosymbiont Wolbachiain filarial
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nematodes with doxycycline, which improves mild to moderate—but not severe—filarial
lymphedema independent of an ongoing infection.

Upper-extremity lymphedema is often associated with the treatment of breast cancer, and
lower-extremity lymphedema is common in patients being treated for gynecologic or
urologic malignancy, prostate cancer, melanoma, and lymphoma (170). The incidence of
cancer-related secondary lymphedema after lymph node dissection and/or sentinel lymph
node biopsy can be as high as 63.4%, and this condition commonly results from treatments
that include surgical intervention, radiation therapy, chemotherapy, hormonal therapy, and/or
targeted therapy (174, 183). Notably, a prospective study with 1,121 patients showed that
taxane-based therapy does not increase the risk of developing lymphedema (184).

6.3. Clinical Lymphedema Measurements

There are many methods to clinically evaluate lymphedema and the structure and function of
the lymphatic system. Limb volume (LV) measurements—made simply by using a tape
measure—are the most common way to identify lymphedema. If subsequent measurements
are taken by an experienced user on the basis of anatomical landmarks, this method is
reliable in detecting and monitoring lymphedema (185). Alternatively, the clinician may use
perometry or multifrequency bioimpedance measurements, which are automated LV
scanning methods that eliminate interobserver variability, but these are more expensive.
Comparison between these LV measurement methods shows that the use of a tape measure
for early diagnosis of lymphedema in patients is effective, but the sensitivity of this
technique leads to some uncertainty (186).

There are several imaging techniques available in the clinic to reliably evaluate lymphatic
function and lymphedema. Lymphoscintigraphy is still considered the gold standard of
imaging modalities (9, 174, 185) to investigate lymphatic function using two-dimensional
imaging. The clearance of radioactive tracers injected intradermally or subcutaneously can
quantify lymphatic clearance rates, map aberrant drainage patterns, and identify dermal
backflow by imaging a location and assessing the increase in signal over time. This
technique has recently been used to measure impaired lymph flow in cancer patients (187).
To improve the spatial resolution, other techniques have been combined with
lymphoscintigraphy to allow for three-dimensional imaging.

The combination of SPECT/CT (single-photon emission computed tomography/computed
tomography) and lymphoscintigraphy allows the abnormal findings in lymphatic function to
be better correlated with anatomy (188). The addition of SPECT/CT has also proven
favorable in evaluating the therapeutic efficacy of lymphovenous anastomosis (188) and
documenting lymph node regeneration (189).

MR (magnetic resonance) lymphangiography has better spatial resolution than nuclear
medicine techniques and is a valuable modality in clinical imaging of lymphedema. MR
lym-phangiography using contrast agents is able to visualize lymphatic vessels, determine
backflow, and correlate lymphatic drainage patterns with disease severity in
lymphedematous limbs (190, 191). These characteristics are useful in both diagnosing and
surgically managing lymphedema (191). Data suggest that T2-weighted MRI (magnetic
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resonance imaging) has a greater sensitivity, but contrast-enhanced MR lymphangiography
produces better image quality (185). However, contrast-enhanced vascular structures may
confound image interpretation. Noncontrast MR lymphography using very heavily T2-
weighted fast spin echo sequences detects differences in lymphatic flow and lymphedema
severity in normal and lymphedematous limbs (192).

Near-infrared imaging (NIR) is also being used in the clinic for the evaluation of lymphatic
function; it is more time efficient and less expensive than lymphoscintigraphy (193). In its
first clinical uses, this method improved sentinel lymph node mapping and intraoperative
guidance. Moreover, this test was able to detect dermal backflow, reduced clearance, and
dilated lymphatic vessels (194).

In comparisons between these techniques, there is debate over the best modality to diagnose,
identify causes, and plan treatment of lymphedema. The method of choice depends on the
clinical question to be answered and the severity of disease in the patient.
Lymphoscintigraphy and NIR can better assess lymphatic function and the severity of any
dysfunction, whereas MRI and CT provide more information regarding anatomical status for
surgical treatment planning in advanced disease. MRI and indocyanine green lymphography
have more sensitivity than lymphoscintigraphy or CT for diagnosis of lymphedema (195).
The current gold standard, lymphoscintigraphy, carries many disadvantages, including
generally poor spatial resolution, added costs when combined with SPECT/CT, and
exposure to radioactive compounds (187). However, lymphoscintigraphy has more
sensitivity in distinguishing functional defects and altered drainage patterns, especially when
combined with SPECT/CT (188, 190). MRI seems to best evaluate anatomical status,
whereas NIR shows great promise in addressing functional status of lymphatics. The latter
technique may be better at detecting lymphatic dysfunction at an earlier preclinical stage
where current lymphedema interventions may be more successful. This point emphasizes a
current diagnostic challenge: the need to improve early detection and treatment efficacy of
lymphedema.

6.4. Pathogenesis of Secondary Lymphedema

Regardless of the causative event in the development of secondary lymphedema, the host
responses of inflammation, irreversible lymphatic dysfunction, and fibrosis seem to be the
main mechanisms in the progression of lymphedema. However, there is limited
understanding of the underlying biology that permits lymphedema formation. Known risk
factors for lymphedema include obesity (196), elevated blood pressure, adjuvant radiation
therapy following lumpectomy, the location of removed lymph nodes, and a greater number
of lymph nodes removed during surgery (185). Additionally, combinations of genetic risk
factors predispose patients to developing secondary lymphedema (197).

In mouse models as well as human lymphedema specimens, lymphatic stasis induces
CD4*— but not CD8* or CD25*—T cell activation and T helper 2 (Th2) cell differentiation,
necessary for the development of fibrosis, adipose deposition, and lymphatic dysfunction in
lymphedema (198). Furthermore, macrophages have been hypothesized to have an important
lymphangiogenic role in humans and mice, notably via transdifferentiation to macrophage-
derived LEC progenitors and their incorporation into the lymphatic wall (199).
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6.4.1. Fibrosis—Fibrosis is a critical inhibitor of lymphatic regeneration and an
important player in lymphedema formation (200). Interestingly, increased TGF-f levels are
correlated with disease severity in patients with fibrosis, cancer, and systemic sclerosis
(201). TGF-B also inhibits lymphatic vessel formation (202) and promotes tissue fibrosis
after radiation therapy (203). Additionally, in mice, TGF-B1 blockade promotes lymphatic
regeneration and improves lymphatic function while decreasing tissue fibrosis, chronic
inflammation, and Th2 cell migration (204). Radiation is a major risk factor for lymphedema
development (205); however, little is known about the mechanisms responsible for this
effect. Avraham et al. (173) analyzed the effects of radiation induced fibrosis on lymphatic
function by blocking TGF-B after radiation in vivo. They found that radiation therapy
decreases lymphatic vessels in mice and verified that radiation promotes soft tissue fibrosis.
Moreover, short-term inhibition of TGF-f following radiation improved lymphatic function
and decreased soft tissue fibrosis (173). Paradoxically, VEGF-C increased the amount of
radiation-induced DNA damage in LECs, likely due to VEGF-C-induced mitosis (206).
Thus, a local microenvironment that encourages lymphatic proliferation at the time of
radiation might also impair long-term capacity for repair of the lymphatic system. Recent
clinical trials have shown that adjuvant radiation therapy following lumpectomy reduced the
risk of in-breast recurrence and metastasis (205), and early reports in thousands of patients
from clinical trials (207) have shown a significant increase in local control, disease-free
survival, and overall survival in patients receiving regional lymph node radiotherapy. Thus,
the use of radiotherapy in treating breast cancer will continue to be an important therapy,
increasing the risk of fibrosis and subsequent lymphedema in these patients.

6.4.2. Predictive biomarkers of secondary lymphedema—Little is known about
predictive biomarkers in secondary lymphedema. Miaskowski et al. (208) evaluated
genotypic characteristics involved in lymphangiogenesis and angiogenesis in women with
and without lymphedema following breast cancer treatment, finding genetic associations for
lymphocyte cytosolic protein 2, neuropilin-2, protein tyrosine kinase, and vascular cell
adhesion molecule 1. They also found three haplotypes associated with lymphedema
following breast cancer treatment— forkhead box protein C2 (haplotype AQ3), neuropilin-2
(haplotype F03), and VEGF-C (haplotype B03). Lin et al. (209) used tissue prospectively
collected from human skin in patients with lymphedema to identify proteins involved in
lymphangiogenesis, inflammation, fibrosis, and lipid metabolism. They found basic
fibroblast growth factor (bFGF), I1L-4, IL-10, TNF-B, TGF-f, and leptin to be potential
biomarkers for lymphedema. Further exploration is needed to evaluate whether these
biomarkers have clinical relevance for diagnosis of early and latent lymphedema.

6.5. Therapeutic Opportunities

Currently, lymphedema treatments—consisting of compression garments, massage, and
intensive bandaging—nhelp alleviate symptoms, but do not cure the underlying disease
processes (174). For patients who are unresponsive to these interventions and continue to
have an increase in the size and weight of the extremity as well as progressive impairment in
function, several surgical options are available. After assessment of deep and superficial
lymphatic vessel function using imaging modalities described above, surgical interventions
can be evaluated in individual patients. These include debulking and liposuction,
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lymphaticovenular by passs urgery, and vascularized lymph node transfer.
Lymphaticovenular bypass surgery and vascularized lymph node transfer are mainly used to
reduce the fluid in a limb and are combined with chronic nonsurgical treatments to obtain
optimal volume reduction. In order to reduce the volume of the inflamed fatty tissue,
debulking and liposuction can be used, although superficial lymphatics will be damaged.
These methods—and treatment combinations—have shown promising results in reducing
symptoms and extremity size (210). However, treatment options differ per region, and
clinicians do not necessarily agree on the best treatment of complex patients, indicating the
need for more research in this area. In the case of vascularized lymph node transfer, there
can be a significant risk of regional lymphedema from the site where the donor lymph node
was removed, depending on the donor site (174). Therefore, more recent studies have
improved the process of omental lymph node flap harvesting (211, 212). Interestingly,
Alitalo and colleagues (213) have shown that lymph node transfer in mice and pigs, when
combined with perinodal VEGF-C therapy, induces lymphangiogenesis and improves
lymphatic vessel function. In addition, Avraham et al. (204) have demonstrated that
blockade of TGF-B1 accelerates lymphatic regeneration during wound repair in mice.
Moreover, insights into lymphatic pumping physiology and pathophysiology indicate that
improving lymphatic pumping might identify targets in treating lymphedema. These are
active areas of research in the search for new therapeutic strategies for progressive
lymphedema, as are efforts to detect and prevent lymphedema.

7. ROLE OF THE LYMPHATIC SYSTEM IN DISEASE PROCESSES

7.1. Inflammation

Acute inflammation is the process by which pathogens and/or tissue injuries are dealt with
in a regulated manner, normally returning the tissue to the preinflamed phenotype afterward.
However, dysregulated or chronic inflammation can also occur as a result of many disease
processes. Acute inflammation consists of two main phases: the initiation phase and the
resolution phase. The inflammatory cascade during acute inflammation (214), regardless of
whether it is sterile or nonsterile, causes lymphangiogenesis and morphological changes to
existing lymphatic vessels (108). These processes are intended to create adequate fluid and
antigen drainage to lymph nodes (215) so as to enable antigen processing, appropriate
immune responses, and maintenance of tissue fluid homeostasis.

The resolution phase of acute inflammation, histologically marked by hypertrophy of the
draining lymph nodes caused by increased cellularity and lymphangiogenesis, is also a
controlled process and causes remodeling of lymphatic vessels (214). These findings
illustrate the importance of the lymphatic system in transporting inflammatory cells out of a
tissue in order to resolve acute inflammation.

In chronic inflammation, there is prolonged exposure to injurious stimuli or failure to
resolve acute inflammation, promoting sustained immune cell infiltration. Induced by
progressive accumulation of lymphocytes, tertiary lymphoid organs (TLOs) can form in
chronic inflammatory disorders, creating HEV-like vessels de novo and stimulating
lymphocyte homing as it would normally occur in lymph nodes (216). These TLOs are
observed in many chronic inflammation conditions, including autoimmune responses, graft
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rejection, atherosclerosis, microbial infections, and cancer. The stromal components (217)
and molecular regulation of these TLOs mimic those of lymph nodes (218). Recently,
nuclear factor kB (NF-xB)-inducing ECs were suggested to be central to the formation of
TLOs (219). Creation of TLOs is thought to have a role in maintaining immune responses
against persistent injurious stimuli in an attempt to resolve the underlying pathology and
stop the inflammatory process (220). Ongoing research will further elucidate the complete
process of acute and chronic inflammation, possibly supporting therapies that alter the
growth and function of lymphatic vessels.

7.2. Graft-Versus-Host Disease

Graft failure because of immune rejection is a significant problem in organ transplantation
and shares many features with chronic inflammation, including the importance of lymphatic
and blood vessels. In cornea transplantation research, the corneal ingrowth of lymphatic
vessels facilitates the transport of APCs to lymph nodes and entry of immune effector cells
into the graft, accelerating the induction of alloimmunity and subsequent graft rejection
(221, 222). Therapeutically, in mice, targeting angiogenesis and lymphangiogenesis,
individually or simultaneously, significantly improves graft survival (221, 223). Anti-VEGF
treatment with ranibizumab and bevacizumab has been used to reduce graft rejection in
high-risk human patients (10). In mice, blocking insulin receptor substrate 1 (IRS-1) with
GS-101 (aganirsen) also inhibits hemangiogenesis and lymphangiogenesis (224), showing
favorable results in clinical trials for progressive corneal neo-vascularization (10). These
successful clinical trials mark the first translation of lymphatic-focused pharmacological
treatments in patients.

In both animal (225) and human (226, 227) renal grafts, lymphangiogenesis is significantly
more present in renal transplants; this literature suggests that lymphangiogenesis reduces
chronic renal graft survival, although conflicting evidence exists (228). In human lung
transplant biopsies (229) and rat cardiac allografts (230, 231), lymphangiogenesis also
reduces graft survival, and evidence from cardiac transplantation research suggests that
draining mediastinal lymph nodes have a crucial role in the immune response (232). In acute
cardiac (233, 234) and liver (235) rejections, however, lymphatics seem to be organ
protective by ensuring adequate lymphatic drainage postoperatively, although the literature
is not extensive. In small-bowel transplantation in rats, perioperative lymphatic
reconstruction improves long-term viability, resulting in better survival rates and less
mucosal damage due to chronic graft rejection (236).

Thus, lymphatic vessels and lymphangiogenesis in transplantation can determine the
ultimate outcome for the graft. Soon after implantation of solid organs, lymphatic formation
might reduce tissue edema and inflammation by providing an exit route for lymphocytes and
macrophages, as has been shown in successful therapy of acute renal (237) and liver (235)
transplant rejection. In the later phase of graft rejection, the persistence of numerous
lymphatic vessels might enable chronic inflammation and/or allogenic responses that
disfavor allograft survival (238). There are some hints that blocking lymphangiogenesis
might not be advantageous in all organs soon after transplantation; however, overgrowth of
lymphatic vessels in organ grafts seems to reduce chronic graft survival. Further research in
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this important area is needed to develop rational strategies for improving the success of
organ transplantation.

7.3. Arthritis

Arthritis is an inflammatory joint disease characterized by swelling, pain, and irreversible
tissue damage. Arthritis has many forms and causes; the most common form, osteoarthritis,
is caused by trauma, biomechanical alterations, infection, or age. Rheumatoid arthritis is
caused by autoimmune reactions affecting the joints, leading to long-term chronic
inflammation. Even though the etiologies are not fully understood, the lymphatic system is
known to play a role in arthritic diseases.

In animal models, studies show that lymphangiogenesis driven by VEGF-C is an important
compensatory mechanism for regulating joint inflammation during (chronic) arthritis (239).
Interestingly, during arthritic progression in TNF-transgenic mice, the popliteal lymph node
first expands and increases contrast uptake in combination with only mild inflammation and
little bone erosion. Later, the popliteal lymph node decreases in volume (i.e., collapses), with
more severe inflammation and bone erosion as well as decreased lymphatic transport to the
lymph node (240). Additionally, B cells may clog the lymphatic sinuses, causing arthritic
flare (239). This hypothesis is supported by data showing that B cell depletion dramatically
attenuates rheumatoid arthritis (241).

In humans, lymphatic vessels are present in all zones of normal and arthritic synovial
tissues. During inflammation, lymphangiogenesis facilitates immune cell trafficking
throughout the inflamed synovial tissue (242). The number of lymphatic vessels is positively
related to the severity of synovial inflammation in patients with spondyloarthritis and
rheumatoid arthritis. TNF blockade promotes lymphangiogenesis in human inflammatory
tissue, possibly playing an important part in transporting cells and fluid out of the inflamed
tissue (243). In addition, increased VEGF-C expression can be observed in the synovial
lining of patients with rheumatoid arthritis and anky-losing spondylitis (244, 245), whereas
VEGF-D levels are extremely low. The VEGF-C receptors VEGFR-2 and -3 are also
expressed to a greater extent in inflamed synovium (245). Interestingly, patients with
psoriatic arthritis and rheumatoid arthritis have been diagnosed with (sometimes bilateral)
lymphedema of the upper extremities (246, 247), demonstrating damage to lymphatics
beyond the joints. Thus, even though the exact mechanisms have not been determined, there
is strong evidence of lymphatic involvement in arthritic disease.

7.4. Hypertension

Lymphatic vessels play a role in blood pressure maintenance. In salt-induced hypertension in
rats, interstitial hypertonic sodium accumulation in skin causes lymphatic hyperplasia and an
increased density in the initial lymphatic network due to macrophage VEGF-C secretion
(248). In humans, serum VEGF-C levels increase significantly in subjects who respond with
blood pressure changes when adjusting their salt intake, supporting the idea that VEGF-C is
important for blood pressure homeostasis (249). Other studies evaluating the effects of a
high-salt diet in rats and mice on collecting lymph vessels show changes in mechanical
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activity, suggesting that a high-salt diet enhances myogenic activity and lymphatic pump
efficiency both in vivo and ex vivo (249, 250).

8. CONCLUSIONS

The past few decades of research into the lymphatic system have established a fundamental
understanding of how it develops, grows, matures, and functions. Importantly, we are now
beginning to fully appreciate the role the lymphatic system plays in immune function and
many disease processes. Now that the molecular control of many of these processes is being
uncovered, we are on the verge of being able to translate our knowledge into therapeutic
interventions that target the lymphatic system. The first such lymphatic-based therapy is
already being used to prevent the rejection of corneal grafts (10). Further research is needed
to develop therapies to alter lymphatic function in order to treat lymphedema, prevent cancer
progression, and resolve inflammatory disorders. In the near future, we expect that the
impact of lymphatic research on the treatment of patients with a variety of diseases will
continue to increase.
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Figure 1.
Anatomy of the lymphatic network and valve function. The lymphatic network consists of

initial lymphatic vessels, which are responsible for collecting interstitial fluid to create
lymph, and collecting lymphatic vessels, which carry fluid from the peripihfery to lymph
nodes. The endothelial cells of initial lymphatic vessels overlap one another to create one-
way valves, enabling cell- and pressure-driven fluid entry. The collecting lymphatic vessels
are invested in specialized lymphatic muscle cells that contract to drive flow. Intraluminal
valves in the collecting lymphatic vessels are critical to preventing backflow. The vessel
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segment between two valves is called a lymphangion and is the primary pump for lymph
flow.
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Figure2.
Calcium dynamics in the lymphatic muscle cell. Calcium enters the cytosol through ion

channels (L type, T type, stretch activated) in the plasma membrane or SER (SERCA, IP3R).
Ca?* acts through MLCK to phosphorylate MLC, allowing formation of the myosin-actin
crossbridges and cell contraction. CaCCs can enhance depolarization during STD
generation. Endothelial cells produce EDRFs such as histamine and NO that activate sGC,
cGMP, PKG, and MLCP. In addition to these effects, which reduce intracellular Ca2*,
EDRFs also dephosphorylate MLC, directly interfering with the calcium-induced
contractions. Abbreviations: AC, adenylate cyclase; ACh, acetylcholine; CaCC, calcium-
activated chloride channel; cGMP, cyclic guanosine monophosphate; EDRF, endothelium-
derived relaxing factor; eNOS, endothelial nitric oxide synthase; IP3R, inositol 1,4,5-
trisphosphate receptor; IRAG, IP3R-associated cGMP kinase substrate; MLC, myosin light
chain; MLCK, MLC kinase; MLCP, MLC phosphatase; NO, nitric oxide; pGC, particulate
guanylate cyclase; PKA, protein kinase A; PKG, protein kinase G; SER, smooth
endoplasmic reticulum; SERCA, sarco/endoplasmic reticulum Ca2* ATPase; sGC, soluble
guanylyl cyclase; STD, spontaneous transient depolarization.
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Figure 3.
Dynamics of lymphatic pumping. (8) Conceptual scheme, showing two different snapshots

of the lymphatic pumping cycle. Flow direction is from bottom to top. NO relaxes the vessel
wall, increasing vessel diameter and pulling fluid from upstream. As the lymphangion fills,
the upstream valve is open, and the downstream valve is closed. When the lymphangion is
filled, flow and shear stress decrease, and NO is degraded; a subsequent contraction can be
initiated through Ca2* influx via stretch-, voltage-, or ion-activated channels. The
contraction closes the upstream valve and opens the downstream valve, increases wall shear
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stress and induces NO production locally, thus starting the cycle again (NO, orange;
cytosolic Ca2*, red). (4) Snapshot of the simulated system at steady state. The vessel
boundary is indicated by the green line. Ca* and NO concentrations are shown in the top
and bottom color maps, respectively. The flow field is represented by the black arrows, and
the current wall velocity is indicated by the gray/white arrows. Numerical check valves at
the entrance/exit and midpoint enforce flow toward the right. (¢) Pumping dynamics
predicted by the model. At #= 0, flow is initiated by a mechanical perturbation. The system
quickly stabilizes, and subsequent pumping is self-sustained. (/nsef) The cyclical nature and
dependency of NO and Ca%* production during a lymphatic contraction. Abbreviations: NO,
nitric oxide; LMC, lymphatic muscle cell. Modified from Reference 91.
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Effects of pressure and nitric oxide (NO) dynamics on lymphatic contractions. (&) Transwall
pressure (Awan) affects diastolic and systolic diameters, as well as pumping frequency.
Higher pressures result in lower amplitude and larger diameters. There were no axial
pressure gradients imposed for these simulations. (6) In the absence of a transwall pressure
difference, frequencies are affected by flow induced by axial pressure gradients. With an
opposing gradient (b/ue), the vessel has to pump against the hydrostatic pressure. With a
helping gradient ( gray), the pressure can drive flow and create NO to inhibit contractions.
(©) Behavior map of transport in a collecting lymphatic vessel. The performance of the
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system is summarized as a function of axial (xaxis) and transwall ( yaxis) pressure
gradients. Modified from Reference 91.
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Figureb.
Lymph node anatomy and lymphatic metastasis. Tumor-draining lymphatic vessels are

remodeled by the tumor, causing cancer to spread through the lymphatic vessels to lymph
nodes. The primary tumor is also able to precondition tumor-draining lymph nodes, both
altering the ability of the lymph node to mount an immune response and potentially making
the lymph node microenvironment more conducive to cancer growth. Metastatic lesions that
form in the lymph node lack high endothelial venules and are devoid of lymphocytes. These
attributes make it challenging for the lymph node to generate and sustain antitumor
immunity.
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Table 1

Known congenital lymphedema and lymphatic abnormality syndromes

Lymphedema syndromes

Gene (protein)

Cantu syndrome

ABCCY, KCNJE

Cholestasis—lymphedema (Aagenaes) syndrome Locus in 15q
Choanal atresia/lymphedema PTPN14
Emberger syndrome GATAZ2
Hennekam lymphangiectasia-lymphedema syndrome CCBE1, FAT4
Hypotrichosis—lymphedema-telangiectasia syndrome ~ SOX18
Lymphedema-lymphangiectasia HGF
Lymphedema-—distichiasis syndrome Foxcz
MCLMR KIF11

Meige disease GJC2 (CXA4T)

Milroy disease/Nonne-Milroy lymphedema

FLT4(VEGFR-3)

Milroy-like disease

VEGFC, KIF11

Noonan syndrome 1

PTPN11(SHP2), SOS1, KRAS, RAF1

Oculodentodigital dysplasia/lymphedema GJAI (CX43)
OLEDAID syndrome IKBKG (NEMO)
Parkes—Weber syndrome RASAI1

Responsible gene (protein) or chromosomal

Other lymphatic anomalies abnor mality
CLOVES syndrome, Klipple-Trenaunay—Weber PIK3CA
syndrome

Costello syndrome HRAS

Fetal chylothorax ITGA9
Proteus syndrome, PTEN hamartoma tumor syndrome  PTEN, AKT1
Turner syndrome Monosomy X

Page 41

Data are from References 9 and 176-178. Abbreviations: CLOVES, congenital lipomatous overgrowth, vascular malformations, epidermal nevis,
spinal/skeletal anomalies/scoliosis; MCLMR, microcephaly with or without chorioretinopathy, lymphedema, or mental retardation; OLEDAID,
ectodermal dysplasia with immunodeficiency, osteopetrosis, and lymphedema.
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