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Abstract: The lymphatic system is essential for transporting interstitial fluid, soluble antigen,
and immune cells from peripheral tissues to lymph nodes (LNs). Functional integrity of LNs is
dependent on intact lymphatics and effective lymph drainage. Molecular mechanisms that facilitate
interactions between tumor cells and lymphatic endothelial cells (LECs) during tumor progression
still remain to be identified. The cellular and molecular structures of LNs are optimized to trigger
a rapid and efficient immune response, and to participate in the process of tumor metastasis by
stimulating lymphangiogenesis and establishing a premetastatic niche in LNs. Several molecules,
e.g., SIP, CCR7-CCL19/CCL21, CXCL12/CXCR4, IL-7, IFN-y, TGF-f3, and integrin «431 play an
important role in controlling the activity of LN stromal cells including LECs, fibroblastic reticular cells
(FRCs) and follicular dendritic cells (DCs). The functional stromal cells are critical for reconstruction
and remodeling of the LN that creates a unique microenvironment of tumor cells and LECs for
cancer metastasis. LN metastasis is a major determinant for the prognosis of most human cancers
and clinical management. Ongoing work to elucidate the function and molecular regulation of LN
lymphatic sinuses will provide insight into cancer development mechanisms and improve therapeutic
approaches for human malignancy.

Keywords: lymph nodes; lymphatic endothelial cells; cancer metastasis; lymphangiogenesis;
VEGF-A/-C/-D

1. Introduction

The lymphatic system plays an active role in modulating inflammation, autoimmune disease,
and anti-tumor immune response. Antigens and antigen-presenting cells (APCs) including macrophages
and dendritic cells (DCs) are transported by afferent lymphatics to the draining lymph nodes (LNs) [1,2].
The naive T and B cells enter LNs via high endothelial venules (HEVs), which are specialized
postcapillary venules found in secondary lymphoid organs for supporting high levels of lymphocyte
extravasation from the blood [3]. The adhesion molecules, e.g., integrin, and chemokine receptors, e.g.,
chemokine (C—C motif) receptor 7 (CCR7) and chemokine (C—X-C motif) receptor 4 (CXCR4) regulate
cell trafficking. Inside the LNs, naive T and B cells home to distinct compartments, the T-cell areas
and B-cell follicles, and then leave the LNs via efferent lymphatics [4]. Under pathological conditions,
e.g., cancer and inflammation, LNs undergo dramatic remodeling including changes in immune cell
trafficking and cellularity, and lymph flow [5]. Especially, tumor metastasis and inflammation share
several features that result in alterations of the structure and function in LNs, including hyperplasia
and lymphangiogenesis. Many human tumor cells appear to take advantage of the lymphatic system
to promote metastasis to LNs and distant organs [6-8]. The tumor-associated lymphatics and draining
LNs are key modulators of tumor cell migration and invasion, although the underlying molecular
mechanism remains to be unraveled. Current opinion indicates that LN lymphangiogenesis plays
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an integral role in promoting the initial spread of malignant tumors. The procedure of sentinel LN
mapping may be crucial for determining prognosis and treatment of cancer patients [9].

Lymphatic endothelial cells (LECs) are emerging as important players in modulating adaptive
immune responses, presenting tumor antigen and inducing immune tolerance. In the dynamic
interplay with tumor cells and immune cells, LEC function in controlling immune cell trafficking is
important for immune surveillance during early stages of tumor development and may facilitate host
protection against cancer. Otherwise, LEC ability to promote immunosuppression may induce immune
escape of tumor cells, and thus accelerate tumor initiation and progression [10,11]. An emerging picture
of LN metastasis is complex, and in many ways depending on how the tumor microenvironment
affects cancer progression and LEC biology. Although the sensitivity of lymph node lymphatic
endothelial cells (LN-LECs), the cells derived from intranodal lymphatic sinuses to the dynamic
tumor microenvironment remains poorly understood, they should no longer be considered a passive
bystander in tumor metastasis but rather an active player in many intercellular and intracellular
processes [12,13]. This review aims to assess the remodeling and reconstruction, as well as immune
involvement of LN lymphatic sinuses during tumor metastasis, with emphasizing the interaction
between tumor cells and LN-LECs including lymphangiogenesis. LN-LECs represent attractive
therapeutic targets to enhance tumor immunotherapy and to control tumor metastasis.

2. Lymphatic Sinuses and HEVs in LNs

LNs contain a lymphatic network for conducting pathogens, immune cells, metastatic tumor
cells and lymph fluid. LN lymphatic sinuses consist of sinusoidal microstructures that begin at the
peripheral afferent lymphatics, extending underneath the capsule and surrounding B-cell follicles,
and then penetrating into the medullary region including T-cell areas [14]. Intranodal lymphatic
sinuses and blood vessels serve distinct but complementary functions to maintain tissue homeostasis.

2.1. LN Stromal Cells

LNs are remarkably organized with T and B cell compartmentalization, APCs and stromal cells to
provide optimal interactions of the immune system components with invading pathogens [1]. Stromal
cells in LNs can be divided into several sub-populations by their expression of surface markers,
which mainly include LECs, fibroblastic reticular cells (FRCs), and follicular DCs. The stromal cells
are relatively stable and targetable, contributing to cancer progression through a complex crosstalk
with cancer cells. LECs are nonhematopoietic stromal cells of lymphoid organs, lining peripheral
lymphatics and guide migrating leukocytes toward the LN. LN-derived LECs are a second main
population of stromal cells in LNs found in many compartments. Lymphatic sinuses lined by LECs
occupy three distinct locations, the subcapsular, cortical, and medullary sinuses [15]. LN-LECs in
the cortical sinuses regulate intranodal lymphocyte trafficking by collecting lymphocytes for further
transit to medullary sinuses and eventual LN egress [16,17]. Lymphatic growth and development in
LNs are positively regulated by B cells and macrophages [18]. However, the classification of stromal
cell subsets still needs to be improved. The molecular phenotype and distribution pattern of LECs
in human LNs have also been found to differ from that observed in murine LNs. Lymphatic vessel
endothelial hyaluronan receptor (LYVE-1) is expressed by lymphatic sinuses throughout the murine
LN. In contrast, LYVE-1 expression is only seen in LECs of the paracortical and medullary sinuses in the
vast majority of human LNs, but negative in the subcapsular and trabecular sinuses [15,19]. Moreover,
prospero-related homeobox 1 (Prox-1) is shown to be the only marker that uniquely identifies the
LEC:s lining all the lymphatic sinuses in human LNs. APCs in the sinuses can be clearly distinguished
from LECs by expression of CD169, and lack of expression of Prox-1 and STAB2 [20]. Lymphatic
sinuses in LNs play a key role in trafficking of immune cells including pathogen-carrying CD11c* DCs
and CD169* sinusoidal macrophages for adaptive immunity [21,22]. Moreover, the blood vessels run
through the medullary region after entering LNs from the hilum, and are then distributed throughout
the cortex. HEVs, specialized blood vessels in the paracortex, facilitate lymphocyte homing from
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systemic circulation to LNs [23]. The majority of HEVs are separate from the lymphatic sinuses,
and thus the naive T and B cells constantly circulate through secondary lymphoid organs via the
postcapillary venules.

Within the LN, the primary follicles are composed of B cells with follicular DCs located in the
cortex, whereas T cells and DCs are distributed in the paracortical area. Lymph enters the subcapsular
sinus of the draining LN through afferent lymphatics and flows into the medullary sinus via a delicate
network of conduits, formed by follicular DCs in the B cell zone and FRCs in the T cell zone, prior
to leaving the LN via efferent lymphatics [19,24]. In particular, the podoplanin-expressing FRCs
secrete extracellular matrix components including collagen, and form the mesenchymal backbone
on which T cells, B cells and DCs migrate and interact [25]. Thus, FRCs and follicular DCs impose
separation of lymphocytes into the characteristic paracortical T cell zone interrupted by discrete B cell
follicles extending into the cortex. As a molecular sieve, the highly interconnected microtubules only
allow small molecules and particles including antigens and inflammatory mediators to flow along the
network [26]. The conduit system transports low-molecular-weight soluble antigens from the cortex to
the paracortex and into the parenchyma of LNs, where they may contact the HEVs [19]. Lymph-borne
chemokines likely adopt this route to regulate HEV function and rapidly change lymphocyte HEV
transmigration in the paracortical T cell area [27].

As such, LNs represent the dynamic structure of high complexity that harbors different
compartments with distinct microanatomical features, the lymphatic sinuses, T-cell zone and B-cell
zone. Activated T cells begin emigrating from LNs through cortical sinuses and make their exit
via efferent lymphatics [17]. Afferent lymph-derived T cells and DCs may use different chemokine
receptor CCR7-dependent routes for entry into the LN and intranodal migration [28]. Developing
T-cells interact with various types of stromal cells including blood vascular endothelial cells (BECs), but
the interaction of T cells (mainly memory T cells) with LECs has not yet been investigated sufficiently.
Moreover, B cells migrate along the FRC network to reach the lymph follicles, where the follicular DCs
regulate B cell homeostasis, migration and survival [29]. The majority of LN macrophages generally
reside in the marginal sinus and medullary cords [23].

Transport of lymph to the draining LN is achieved in such a way as to optimize the delivery
of pathogenic signals, antigens, and immune cells to promote antigen capture by B cells and DCs,
and facilitate T cell education [22]. Functional lymphatics are required for the interactions between
APCs and antigen-specific lymphocytes to maintain the microarchitecture of LNs [14]. It is evident
that nonhematopoietic stromal cells of secondary lymphoid organs form important scaffold and fluid
transport structures, such as LN trabeculae, lymphatic sinuses, and conduits. Through the production
of chemokines and cytokines, these cells generate a particular microenvironment for regulation of
lymphocyte homeostasis and tumor progression and metastasis [30,31]. A better understanding of
the cellular structures of LNs controlling immune cell trafficking is likely to lead to new insights into
disease processes, and also improves the development of new immunomodulatory therapy.

2.2. Regulation of Cell Trafficking

LNs as an immunological filter are strategically situated throughout the mammalian body to
trap particles or antigens from peripheral tissues [5]. LN stromal cells, e.g., FRCs and follicular DCs
are reported to be important for trafficking of T and B cells [26]. Cellular trafficking in the periphery
and LNs is mainly regulated by the CC chemokine ligand (CCL)-19 and CCL21, the chemokine
(C-X-C motif) ligand (CXCL)-13, and the lysophospholipid sphingosine-1-phosphate (S1P) [1,32].
The lymphatics provide routes for DC and lymphocyte migration into and out of LNs, whereas LECs
may control the process by expression of CCL19, CCL21, S1P, and adhesion molecules (Table 1).

2.2.1. Chemokines

The compartmentalization of cells in LNs is orchestrated by lymphoid chemokines.
The CCR7-CCL19/CCL21 axis has a key role in the formation of secondary lymphoid structures
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by recruiting immune cells under physiological conditions. CCL21 is produced by LECs, intranodal
FRCs and HEVs, but CCL19 is secreted by FRCs within the LN [16,33,34]. CCL19 and CCL21,
ligands for CCR-7 recruit and direct the distribution of CCR-7-expressing cells, mostly T cells and
antigen-presenting DCs. APC movement to LN is dependent on the constitutive chemokine receptor
CCR-7, which is expressed by B cells, mature DCs and by several T-cell sub-populations including
naive, regulatory and central memory T cells [35]. CCR7-dependent migration of APCs, mostly
DCs, to initial lymphatics, is primarily directed by a chemotactic gradient of CCL21 and interstitial
flow [36]. Antigen-laden tissue-derived DCs enter LNs mainly via afferent lymphatics, and the afferent
lymph-borne DCs essentially rely on CCR7 for their transition from the subcapsular sinus into the
parenchyma of LNs [37]. DCs play crucial roles in maintaining HEV phenotype and regulating
lymphocyte entry into the LN [38]. Distinct functional subsets of T cells enter LNs mainly through
HEVs. After crossing HEVs, naive T cells migrate to T cell zones in the LN paracortex, whereas naive
B cells expressing CXCRS5 are induced to migrate into follicles in the cortex through follicular DC
expression of CXCL13 [23].

2.2.2. Integrins

LECs of afferent lymphatics express chemokines and adhesion molecules that facilitate the
migration of DCs and T cells to LNs. Integrins expressed by HEVs also regulate leukocyte entry to LNs.
Lymphatics and HEVs with expression of chemokines and adhesion molecules may serve as organizers
of LN development [39]. Integrin «9 and its ligand, tenascin-C, colocalize on LECs lining cortical and
medullary sinuses of draining LNs. Integrin o9 is critical for the development of lymphatic valves,
which is further regulated by Notch signaling during valve morphogenesis [40,41]. Prox-1-induced
LEC differentiation is mediated at least in part through integrin «9 [42]. In experimental models,
blockade of integrin «9-mediated signaling has reduced lymphocyte egress from draining LN [43],
indicating that the colocalization and interaction between integrin «9 and tenascin-C affects the number
of lymphocytes within lymphatic sinuses. The transit of T cells and APCs from tissue to draining
LNs is also via intervention of the receptors, e.g., the common lymphatic endothelial and vascular
endothelial receptor-1 (CLEVER-1) and the mannose receptor. CLEVER-1, a scavenger receptor
expressed on lymphatics, is involved in trafficking of adoptively transferred T cells from the skin to
LNs [44]. The mannose receptor, a C-type lectin carbohydrate binding protein, is primarily expressed
on the surface of macrophages and DCs, and on LECs of both afferent and efferent lymphatics [45].
The absence of the mannose receptor may impair lymphocyte adhesion and trafficking [46].

2.2.3.S1P

51D, a lipid signaling molecule with its receptor controls the egress of B and T cells from LNs
into the efferent lymphatics, and thus has emerged as a new player in tumor microenvironment and
progression during the last decade. S1P modulates lymphocyte trafficking and immune responses,
and regulates the maturation of lymphatic button and zipper-like junctions either directly or by
lymphocyte-mediated mechanisms [47,48]. In the cortical sinus of LNs, LECs are identified as the
cellular source of S1P [32]. Spinster 2, a S1P transporter, has shown to regulate LN and lymph S1P levels,
and consequently influencing lymphocyte trafficking and lymphatic network organization. Impaired
lymphocyte egress from LNs and aberrant intranodal lymphatic sinuses were found in spinster 2=/~
mice [49]. Pharmacological suppression of S1P production can inhibit the tumor-induced increase of
LECs in the LNs [50]. LECs are capable of transducing signals from extracellular S1P that mediate
lymphatic development and organization [49]. LN-LECs are also directly involved in dampening the
immune response and tolerance induction [12]. Obviously, the role of LN-LECs in the regulation of
immune responses goes beyond transporting antigen, lymphocytes and inflammatory mediators from
peripheral tissues to LNs.
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2.3. LN Remodeling and Reconstruction

Intact lymphatics are required for structural and functional maintenance of regional LNs, and for
the trafficking of lymphocytes, DCs and macrophages. Abnormal lymphatic sinuses in LNs will
greatly reduce the clearance of draining pathogens from peripheral tissues [51]. Activation of the
endothelial cells comprising HEVs and lymphatic sinuses will quickly take place upon inflammatory
insult, leading to angiogenesis and lymphangiogenesis and other changes [34,52]. The change of
leukocytes and stromal cells during LN remodeling and reconstruction is a complicated interactive
process in the regulation of several molecules and factors (Table 1). In the context of cancer progression,
the lymphatic sinuses in draining LNs undergo dramatically morphological remodeling and functional
changes. LN lymphangiogenesis and cellular contents may be easily influenced by growth factors,
cytokines, and chemokines, e.g., vascular endothelial growth factor (VEGF)-A and CCL21 secreted by
cancer cells and stromal cells in tumor microenvironment. The LN lymphangiogenesis may be actively
involved in leukocyte migration and induction of immune responses during cancer progression [1].

2.3.1. Interleukin-7 (IL-7)

Interleukin-7 (IL-7) is a cytokine crucial for LN organogenesis, and lymphocyte development
and homeostasis. LECs and FRCs are a prominent source of IL-7 both in human and murine LNSs.
IL-7-producing LECs are in the LN medulla, but FRCs are in the T cell zone and cortical ridge of
LNs [53]. FRCs produce IL-7 for promoting survival of naive T cells [16]. During virus-induced LN
remodeling, upregulated expression of IL-7 in LECs and FRCs was found to participate in the structural
adaptation of the LN microenvironment. IL-7-producing stromal cells contribute to de novo formation of
LYVE-1-positive lymphatic structures connecting the reconstructed LNs with the surrounding tissue [30].
Moreover, LECs also express the IL-7 receptor chains IL-7R«. In several mouse models, IL-7 and IL-7Rx
expression in stromal cells has indicated the changes in lymphatic morphology and lymph drainage.
In IL-7Ra-deficient mice, the absence of most peripheral LNs may reflect the importance of IL-7 in
LN development and maturation [54]. Near-infrared in vivo imaging performed in the lower limb of
IL-7Roc™/~ mice has shown normal pumping activity of collecting vessels but defective fluid uptake
into initial lymphatics [55]. During inflammatory processes, the structural reorganization of lymphatic
sinuses impinges on lymphocyte dynamics in LNs [15]. Ectopic lymphoid-organ formation occurs through
IL-7-mediated enhanced survival of lymphoid tissue inducer cells [56], suggesting that IL-7 overexpression
may contribute to the adaptation of lymphoid organ structure during immune responses. In addition,
during LN development, IL-7 is produced by vascular cell adhesion molecule 1 (VCAM-1)* and integrin
ligand intercellular adhesion molecule 1 (ICAM-1)* mesenchymal cells, also known as stromal organizer
cells [57]. Stromal cell-derived IL-7 promotes survival of lymphoid tissue inducer cells that initiate
lymphotoxin-f3 receptor (LT 3R)-dependent formation of the LN microenvironment [58].

2.32. LTBR

LTBR is broadly expressed on both stromal cells and hematopoietic cells, including LECs, BECs,
FRCs, follicular DCs, macrophages, and mast cells. LTBR signaling is implicated in the potential
regulation of lymphatics, HEVs, and stromal cells [5,59]. The LN formation is a complex process
controlled through triggering of LTBR on mesenchymal cells. LTBR expressed on stromal cells directly
regulates the expression of adhesion molecules, chemokines, and cytokines relating to cell trafficking,
LN homeostasis and remodeling [60]. Notably, LTBR induces cytokine expression and upregulates
lymphangiogenic factors in LN anlagen. Activation of LTBR further induces VEGF-C production
in stromal organizer cells, recruiting lymphatics toward the nascent LN [61]. The lymphoid tissue
microenvironment is crucial for the maintenance of HEV characteristics during homeostasis and its
relationship with lymphatics in the remodeling process after immunization [6,38,62]. Lymphatics
and HEVs maintain homeostasis under steady state and undergo dramatic activation including
lymphangiogenesis and angiogenesis during inflammation [5].
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Table 1. Molecules and factors relating to the structure and immune function of lymph nodes (LNs) and intranodal lymphatic endothelial cells (LECs).
Division Molecules and Factors Function and Property References
CCL19/CCL21/CCR7 Mainly regulating T cell and DC trafficking into LNs [16,33]
Regulation of Cell Trafficking =y cy 17 (SDF-1)/CXCR4; CXCL13/CXCR5 ~ Mainly regulating B cell trafficking into LN (B cell homing)

S1P Egress of lymphocytes from LN into efferent lymphatics; [47.48]
Maturation of lymphatic intercellular junctions !
LN organogenesis, development and maturation;

IL-7/IL-7Re Lymphocyte dynamics and homeostasis; [30,53-55]

LN Remodeling and Reconstruction Formation of lymphatic structures and morphological alteration

LTBR LN forrr}atlon, hqmeoste}sm and remodehng.; . 39,59]
Regulating functions of intranodal lymphatic sinuses and HEVs
LN expansion, development and microarchitecture;

CLEC2 Maintaining HEV integrity [63-66]
Initiation of cell-mediated adaptive immune response;

IFN-y T cell proliferation and differentiation; [18,67]
T cell-mediated negative regulation of LN lymphangiogenesis

Immune-Related Factors of LN-LECs LN lymphangiogenesis, hypertrophy and HEV growth;
3 T cell development, lymphocyte migration;

VEGF-A DC mobilization and maturation; [21,68,69]

Antigen clearance and inflammation resolution
g Suppression of antitumor immunity;

VEGE-C Increasing dysfunctional activation of CD8 T cells [70]

CCLa1 Ensurlng lymPh samphng and increase in lymph flow; [71-73]
Regulation of immunity and tolerance
Preventing inappropriate inflammatory leukocyte adherence to LECs and recruitment to LNs;

D6 Integration of innate and adaptive immune responses; [74,75]
Regulation of lymph flow

PD-L1 LEC-induced peripheral tolerance [76]

CCL19, chemokine (C-C motif) ligand 19; CCL21, chemokine (C-C motif) ligand 21; CCR7, chemokine (C—-C motif) receptor 7; CXCL12, chemokine (C-X-C motif) ligand 12;
CXCR4, chemokine (C—X-C motif) receptor 4; CXCL13, chemokine (C—X-C motif) ligand 13; CXCR5, chemokine (C—X-C motif) receptor 5; SDF-1, stromal cell-derived factor 1; S1P,
lysophospholipid sphingosine-1-phosphate; IL7, interleukin 7; IL-7R, interleukin 7 receptor « (CD127); LTBR, lymphotoxin-f3 receptor; CLEC-2, C-type lectin-like receptor 2; IFN-y,
interferon-y; VEGF-A /-C/-D, vascular endothelial growth factor-A /-C/-D; D6, chemokine-scavenging decoy receptor; PD-L1, programmed cell death ligand 1; LN, lymph node;
LECs, lymphatic endothelial cells; HEVs, high endothelial venules; DCs, dendritic cells.
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2.3.3. C-Type Lectin-Like Receptor 2 (CLEC-2)

C-type lectin-like receptor 2 (CLEC-2), a receptor for podoplanin, is expressed by LN-LECs and
FRCs, but not by blood vessels including HEVs in LNs [63]. CLEC-2 for binding O-glycosylated
podoplanin has been found to be involved in the development and maintenance of LNs, and the
migration of antigen-presenting DCs through lymphatics to T cell zones [64]. The physical elasticity of
LNs is maintained in part by podoplanin signaling in stromal FRCs and its modulation by CLEC-2
expressed on DCs. The DCs that initiate immunity by presenting antigens to T cells also cause
remodeling of LNs by delivering CLEC-2 to FRCs [65]. In LNs, FRCs form a collagen-based reticular
network, which supports migratory DCs and T cells, and lymph drainage. CLEC-2 modulation of
podoplanin signaling permits FRC network stretching and allows for the rapid LN expansion-driven
by lymphocyte influx and proliferation, which represents a critical hallmark of adaptive immunity [65].
Disrupting podoplanin function alters the homeostasis and spacing of FRCs and T cells, which
further results in an expanded reticular network and enhanced immunity [66]. Podoplanin is
required to protect the barrier function of HEVs during lymphocyte trafficking, and local S1P
release after podoplanin-CLEC-2-mediated platelet activation is critical for HEV integrity during
immune responses. Mice with postnatal deletion of podoplanin have lost HEV integrity, showing
spontaneous bleeding in mucosal LNs and draining peripheral LNs after immunization [63]. Therefore,
the CLEC-2-podoplanin axis controls the contractility of FRCs and LN microarchitecture, as well as the
functional integrity of HEVs.

The lymphatics provide an initial transport route for cancer cell dissemination, and regional LNs
are regarded as the first site of metastasis in patients with tumor progression [31]. In preclinical studies,
LN lymphangiogenesis occurs prior to the onset of metastasis and is accompanied by an increase in
lymph flow to draining LNs, facilitating tumor cell entry into the lymphatics [6]. In premetastatic
melanomas and lymphomas, intranodal lymphangiogenesis was found to be associated with greatly
increased lymph flow, which actively drives tumor metastasis to draining LNs [77]. Extensive tumor
invasion of the draining LN may obstruct or change normal lymph drainage pathway. Recently,
non-invasively imaged changes of lymphatic function and drainage patterns have been reported by
using near-infrared fluorescence (NIRF) imaging. In melanoma models, the dynamic NIRF imaging
with sufficient spatial and temporal resolution and sensitivity has indicated significant reduction of
lymphatic contractility and altered lymph drainage patterns [78]. The extent of B cell accumulation
within the tumor-draining LNs may also predict the level of LN lymphangiogenesis and metastatic
potential [79]. The immune cell accumulation and LN lymphangiogenesis phenotype may identify host
anti-tumor responses for promoting tumor cell spread through lymphatics. The LN remodeling and
reconstruction has thus provided a permissive microenvironment for cancer metastasis and immune
responses (Figure 1).
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Figure 1. Lymph node (LN) remodeling and reconstruction. Sentinel LNs show obvious morphological
and functional changes in tumor microenvironment. Al: afferent lymphatics; Ss: subcapsular sinuses;
Cs: cortical sinuses; Ms: medullary sinuses; El: efferent lymphatics; Ln: lymph nodules; HEV: high
endothelial venules; Cd: conduits.

3. LN-LECs and Cancer Immunity

The lymphatic system has the ability to quickly initiate protective immunity against foreign
antigens upon stimulation, in which initial lymphatics collect interstitial fluid and DCs from the
periphery and deliver them to the LNs for generation of adaptive immune responses, tissue immune
surveillance and maintenance of peripheral tolerance. LNs are important centers for immune
regulation where antigen-specific responses are directed against foreign and self-antigens from
upstream peripheral tissues, leading to the generation of productive immunity against pathogens or
the maintenance of immunological tolerance to self-antigens [80].

3.1. Immune Functions of LECs

Immune functions of LECs include cell transport from the periphery to LNs and constant sampling
of peripheral antigens to APCs, e.g., DCs, macrophages, and B cells residing in the follicles. Actually,
recent attention has been focused on the potential role of stromal cells, especially LECs in regulating
immune responses and tolerance. LECs may contact with peripheral antigens and immune cells.
These LECs can modulate DC function, present antigens to T cells on MHC class I and II molecules,
and express immunomodulatory cytokines and receptors [17,81]. Increasing evidence has shown that
LN-LECs are important in controlling the trafficking of DCs and lymphocytes, and in regulating T cell
tolerance and immunity [12,82]. LN-LECs are involved in tumor-cell-epithelial mesenchymal transition,
and interact with different immune cells within LNs and modulate their biological activity (Figure 2).
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Figure 2. Involvement of LN-LECs in immune functions. LN-LECs in tumor microenvironment
are actively involved in immunological responses. Al: afferent lymphatics; Ss: subcapsular sinuses;
Cs: cortical sinuses; Ms: medullary sinuses; El: efferent lymphatics; Ln: lymph nodules; HEV: high
endothelial venules; Cd: conduits.

LECs are positioned in a strategic anatomical site where crucial interactions determining the fate
of an immune response take place [10]. The LEC subpopulations with distinct molecular properties
share a number of characteristics with professional APCs [82]. An emerging literature suggests an
exciting paradigm shift for peripheral tolerance theory, in which naive T cells trafficking through
LNs are exposed to peripheral-tissue antigens (PTAs) specifically expressed by stromal cells [25].
In interfollicular regions and the medulla, LECs can impose antigen-specific deletional tolerance
through direct presentation of PTAs to naive CD8" T cells [81]. In other words, LECs are integral for
the maintenance of peripheral immune tolerance by suppressing autoreactive T cells in the LN. Under
homeostatic conditions, LECs constitutively scavenge molecules to sample peripheral lymph entering
LNs and actively cross-present exogenous antigens to CD8" T cells. LECs help to maintain CD8* T cell
tolerance to exogenous antigens encountered in lymph for preventing autoimmune reactions against
self-antigens after infection or injury [10]. LECs also actively enforce CD8" T cell tolerance to PTAs
through high-level expression of programmed cell death ligand-1 (PD-L1) and by lack of costimulatory
molecules [82]. In cancers, LECs in the sentinel LN can cross-present tumor antigen MHC class 1
molecules leading to CD8* T-cell deletion [2].

Lymph flow is a key mediator of lymphatic function, particularly with respect to DC recruitment
and trafficking to LNs. Lymph flow delivers both APCs carrying antigen captured in the periphery,
and soluble antigens, cytokines and pathogens for uptake by LN-resident DCs and macrophages.
Lymph drainage also plays a crucial role in the organization and function of B cells resident in
the draining LN, and in the regulation of humoral immunity and peripheral tolerance [83]. Thus,
lymph flow through highly organized regions of the LN seems to act as a filter system that directs
molecules or particles to specific regions for regulating immune responses to pathogens [80]. Increased
lymph drainage attributable to blood vessel hyperpermeability occurs in tissue injury and acute
inflammatory events, which may act as a preconditioning mechanism to affect LEC function in
immune cell trafficking [71]. It is evident that the role of LECs in adaptive immune responses is
far more extensive than previously realized in the biological and clinical implications. The immune
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function of LECs may explain why abnormal lymph drainage is correlated with autoimmunity and
why tumor-associated lymphatics promote tumor progression and metastasis to distant organs [10].
LN-LECs acting as an active modulator of antitumor immunity may be a potential new target for
cancer immunotherapy.

3.2. Immune-Related Factors of LN-LECs

The lymphatic system transports soluble antigens, chemokines, cytokines, and immune cells from
peripheral tissues into draining LNs and back to the blood circulation after surveillance, thereby
initiating adaptive immune responses. In this context, several factors are worthy of particular
mention (Table 1).

3.2.1. Nitric Oxide (NO) and Interferon-y (IFN-vy)

Nitric oxide (NO) is a key effector molecule involved in immune regulation and defense.
The endothelial nitric oxide synthase (eNOS) in LECs is physiologically required for robust lymphatic
contraction, whereas inducible nitric oxide synthase (iNOS)-expressing bone marrow-derived
CD11b*Gr-17 cells suppress lymphatic contraction under inflammatory conditions [84]. NO is linked
to the pathogenesis of various inflammatory and autoimmune diseases by affecting the development of
T helper type 1 cells and regulatory T cells, and inhibiting T cell proliferation and cytokine expression
in response to interferon-y (IFN-y) [85]. LECs have a tightly regulated iNOS-dependent mechanism to
suppress CD8* T-cell proliferation during inflammation. LECs and FRCs in the LN upregulate iNOS in
the presence of activated T cells and secreted immunosuppressive NO [17]. The attenuated lymphatic
function can prevent autoreactive T-cell activation and protect against autoimmune disease [84]. IFN-y,
a pleiotropic cytokine secreted by type 1 helper T cells, plays a major role in initiating cell-mediated
adaptive immune responses and in modulating cell growth and differentiation. IFN-y administration
to athymic mice, significantly reduced lymphatic sinus density, and adoptive transfer of T cells
from IFN-y-deficient mice did not suppress the increase of lymphatic sinus density. T cells may
negatively regulate LN lymphangiogenesis through IFN-y that acts as a suppressor of lymphatic
growth by downregulating the expression of LEC-specific genes [18]. Moreover, IFN-y treatment
may activate LN-LECs by specifically inducing surface expression of MHC class II molecules, but
IFN-y-stimulated LN-LECs fail to induce allogeneic CD4" T-cell proliferation due to production of
inhibitory molecules [67]. The combination of IFN-y and tumor necrosis factor (TNF) produced
by activated T cells has been demonstrated to drive iNOS expression and NO production by LECs.
Although LECs come into direct contact with activated T cells at multiple locations in the LN, their
influence on activated T cells is poorly understood [17].

3.2.2. VEGF-A

VEGF-A induces LN lymphangiogenesis, hypertrophy, and HEV growth either directly via
VEGEFR-2 signaling or by upregulating lymphangiogenic factors, VEGF-C and VEGF-D [68,86].
Lymphangiogenic response and HEV expansion are involved in lymphocyte migration, especially
DC mobilization leading to increased trafficking of APCs to draining LNs, thereby boosting
immune responses [52,69]. VEGF-A may directly enhance immune responses, or in part through
NF-«B activation and induction of cytokines and chemokines [87]. VEGF-A is also involved in
immunosuppressive and immunomodulatory aspects via inhibiting T cell development and DC
maturation, and in antigen clearance and inflammation resolution [68]. VEGF-C expression in tumor
cells is correlated with metastasis and poor prognosis [70]. VEGF-C and LN lymphangiogenesis
suppress antitumor immunity through local deletional tolerance, which in turn drives cancer
progression and metastasis [70]. VEGF-C increases fluid drainage from primary tumors to the draining
LN and antigen exposure to the adaptive immune system, in which VEGF-C-activated LECs might
directly alter CD8" T cell response [70]. However, the relative importance of antigen presentation by
LECs in VEGF-C-driven tumor tolerance and immunity still remains to be explored.
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3.2.3. CCL21

The tumor-draining LNs are constantly bathed in tumor-associated chemokines and antigens,
and APCs derived from tumor host. CCL21 expression by LECs and FRCs is modulated by VEGF-C
and lymph flow in tumor microenvironment [71]. CCL21 normally functions as a lymphoid-homing
chemokine, binding CCR7 on APCs and naive T cells to direct them to the LN [35]. Increased lymph
flow may act as an early inflammatory cue to enhance CCL21 expression by FRCs, thereby ensuring
efficient immune cell trafficking, lymph sampling, and immune response induction. FRC sensitivity
to lymph flow may help optimize the immune response before peripheral APCs reach the LN [72].
In the tumor stroma, CCL21 has a unique ability to attract and educate naive T cells in the regulatory
chemokine environment. The secretion of CCL21 was found to be correlated with invasiveness and
immune tolerance in murine melanoma [73].

3.2.4. D6 and Programmed Cell Death-1 (PD-1)

The chemokine-scavenging decoy receptor D6 expressed on LECs maintains lymphatic surfaces
free of inflammatory CC-chemokines and prevents inappropriate leukocyte adherence [74]. In LN,
D6 immunoreactivity is expressed in the afferent lymphatics, and in subcapsular and medullary
sinuses [88]. D6 plays an essential function in regulating lymph flow and cellular efflux from inflamed
peripheral sites to draining LNs, and in contributing to the integration of innate and adaptive immune
responses [75]. In inflamed contexts, D6 contributes to selective presentation of CCR7 ligands on
LECs, and to regulation of LEC function to discriminate between mature and immature DCs [89].
D6 deficiency was found to be associated with lymphatic congestion and impaired movement of APCs
from inflamed sites to LNs [75]. LN-LECs express multiple PTAs independent of the autoimmune
regulator, which may induce programmed cell death-1 (PD-1)-mediated deletion of tyrosinase-specific
CD8" T cells [76,81]. The high-level expression of PTAs and PD-L1 is confined to LECs in the LN
medullary sinus, and thus LN-resident LECs may serve as a quality control gatekeeper to determine
the fate of emigrating CD8 T cells activated by other APCs [76]. LN lymphatic sinuses are involved
in activating and directing immune cells, in sensing and responding to subtle changes in the LN
microenvironment, and in modulating the balance between immunity and tolerance.

4. Lymphatics and Cancer Metastasis

The lymphatic vessels lined by a single layer of endothelial cells, possess typical valves and
intercellular junctions, and play a crucial role in cancer progression and metastasis (Figures 1-4). In this
context, the oncological involvement of LN-LECs is correlated with lymphangiogenesis, and immune
suppression and tolerance. Tumor-associated intranodal lymphangiogenesis promotes the metastatic
process by increasing the number of routes to LNs [6,79]. The LN status of solid tumors is one of the
key parameters for determining the stage of tumor progression and treatment options [9].

Figure 3. Cont.
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Figure 3. Lymphatics in normal and tumor tissues. (a,b) Lymphatic networks with 5'-Nase staining are
featured by blind ends (arrowheads) and valves (arrows) in the intermuscular layer of the jejunum (a)
and the pleural membrane (b), backscattered electron imaging in scanning electron microscopy) of
monkeys; (c¢,d) In the mouse melanoma model, lymphatic vessel endothelial hyaluronan receptor
(LYVE-1) staining shows increased lymphatic vessels in the skin (c), and increased subcapsular and
cortical lymphatic sinuses in the lymph node (d). The metastatic cells invade lymphatic vessels in the
subdermal tissue ((c), asterisk) and aggregate in the LN parenchyma ((d), asterisks). Bars: (a) 500 pm;
(b) 150 um; (c,d) 100 um.

Figure 4. Peripheral lymphatic vessels (a) and intranodal lymphatic sinuses (b—d) in mouse tissues.
(a) In the non-obese diabetic (NOD) pancreas, a lymphocyte is penetrating the lymphatic vessel stained
with 5'-Nase cerium (arrow). The asterisk indicates a macrophage; (b) In the LN of Bagg albino/c
(BALB/c) mice, the subcapsular sinus is filled with lymphocytes and DCs. The arrows indicate
endothelial layers of the lymphatic sinus; (c) The medullary sinus of NOD mice is decorated with
5-Nase cerium particles, and metabolic products of inflamed cells are seen beneath the endothelial
layer; (d) The cortical sinus filled with lymphocytes is surrounded by metastatic melanoma cells
(asterisks). L: lymphatic vessels or sinuses. Bars: (a,c) 2 um; (b,d) 5 um.

4.1. Tumor-Involved Sentinel LN Status

The primary tumor greatly influences the microenvironment of sentinel LNs to promote tumor
cell proliferation and subsequent metastases. The sentinel LN in solid tumors acts as an important
gateway for malignant cells to spread to distal organs. It is the site where immunoreactive lymphocytes
initially encounter tumor-specific antigens and develop antitumor immunity, and thus constitutes a
primary immunological barrier against tumor metastasis. Sentinel LN metastasis usually indicates the
first step in the spreading of cancer from the primary site of many malignancies. The establishment
of metastasis to the sentinel LN might not be simply reflected by lymph dynamics and cancer cell
transport. The sentinel LN metastasis is a series of complex interrelated steps and processes [9].
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A variety of bioactive molecules (cytokines, chemokines and growth factors) are produced in the local
tumor microenvironment by different cells, including LECs and tumor cells themselves. A correlation
between VEGF-A/-C expression by the primary tumor and metastasis to the sentinel LN has been
reported in several experimental models [68,90]. As compared to nonsentinel LNs in the same basin,
the sentinel LN undergoes morphological, phenotypical and functional changes induced by the
primary tumor [91]. The sentinel LN may have critical roles in the development of local immunity that
could reject and eradicate metastatic cancer cells.

4.1.1. Structural and Functional Remodeling of Sentinel LNs

The premetastatic remodeling or reorganization of lymphatic sinuses and HEVs in sentinel LNs
is a common phenomenon independent to the metastatic ability of cancer cells in animal tumor
models, and even in human tumors. Tumor-induced sentinel LN lymphangiogenesis occurs before
metastasis, suggesting that the LN changes may precede arrival of cancer cells [92]. In cases of
tumor-free LN, the increased lymphatic network of sentinel LNs is a very early premetastatic sign
and may provide a new prognostic indicator and target for aggressive diseases [93]. In the popliteal
sentinel LN of mice bearing human nasopharyngeal carcinoma, intranodal lymphatic sinuses and
HEVs are clearly dilated before metastasis. The enlargement of lymphatic sinuses containing very few
cellular structures in sentinel LNs is correlated with the primary tumor weight, indicating that the
tumor lymph drainage may induce a persistent alteration of lymphatic sinuses [94]. Tumor-induced
immune modulation of sentinel LNs was also found to be related to tumor cell survival and metastasis
development, and immune suppression was present before metastasis in sentinel LNs of melanoma
patients [95]. Decreased immune response in the positive sentinel LN from melanoma patients
is featured by decreased CD8* effector T cells and stimulatory CD11c¢*CD86" DCs, and increased
forkhead box P3* (Foxp3*) regulatory T cells. The density of FOXP3* lymphocytes has been shown
to be associated with progression and survival in patients with positive sentinel LN status [95,96].
Moreover, the metastatic tumor cells are a major source of the lymphangiogenic factors, VEGF-C
and VEGF-A, and their expression in the metastasis frequently exceeds that of the corresponding
primary tumors and mononuclear cells in the adjacent residual LN parenchyma or in naive LNs [97,98].
A recent study has shown that the acidic microenvironment in tumors promotes proliferation and
functional changes in LECs through activation of the transient receptor potential vanilloid subtype 1
(TRPV1), which may in turn lead to up-regulation of lymphatic metastasis [99].

Abnormal lymph flow, increased interstitial pressure, and insulfficient function of lymphatic valves
in tumor microenvironment may greatly influence cancer progression and metastasis. In solid tumors,
the formation of increased interstitial pressure is multifactorial, e.g., increased vascular permeability
and solid stress generated by proliferating tumor cells. Increased interstitial pressure may induce
the development of hypoxia within tumor bulk, leading to reduced efficacy of therapeutic drugs
and radiotherapy [13,100]. In different tumor types, the density and abnormality of peritumoral
and intratumoral lymphatics vary and correlate with the incidence of LN metastasis and poor
prognosis [101]. Abnormal lymphatics, especially lack of functional intratumoral lymphatics in
tumor bulk may lead to further accumulation of fluid and proteins in the interstitium [102]. In many
solid cancers, the structural properties of initial lymphatics, e.g., absent or discontinuous basement
membrane, open or overlapping intercellular junctions, and tumor antigenicity detection by host
immune cells, may account for why LN metastasis precedes blood metastasis [6,62]. Indeed, several
tumor types, e.g., melanoma, breast cancer, and squamous cell carcinoma (SCC) are prone to
metastasize to regional LNs through tumor-associated lymphatics. In a melanoma footpad model,
the tumor-draining lymphatics were found to be dilated but remained functional, despite lower pulse
rates. Lymphatic dysfunction induced by metastatic tumor spread to sentinel LNs at a certain size, may
result in obstruction or rerouting of lymph flow away from the metastatic LN to alternately different
LNs [103]. This rerouting might have been due to de novo formation of lymphatics or preexisting
collateral lymphatics for allowing the compensation access. Tumor-associated LN remodeling and
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newly formed intranodal lymphatic route have indicated that the growth of metastases may accelerate
tumor spread to alternate LNs [104]. HEVs, moreover, undergo a phenotypic change and functional
shift, acting as a major gateway for lymphocyte infiltration into tumor tissues. In the study of human
SCC of the tongue, significantly high density of abnormal HEVs was found in patients with established
LN metastasis. The alteration of HEVs with increased endothelial proliferation may be correlated
with tumor progression and clinical outcome [62]. The enlarged and remodeled HEVs can integrate
into the metastatic tumor vasculatures with further differentiation, characterized by the gradual loss
of their specific marker MECA-79 from the tumor margin to the central part of the metastatic tumor
nest [94]. The LNs undergo remodeling with changes in complex kinetics of cell components and gene
expressions in the endothelial cells of HEVs and intranodal lymphatic sinuses. However, the potential
remodeling and functionality of tumor-draining LNs have remained to be determined.

4.1.2. Detection and Mapping of Sentinel LNs

Metastatic spread to regional LNs is one of the earliest events of tumor cell dissemination and
presents a most significant prognostic indicator for determining management and predicting survival
of cancer patients [105]. In recent years, the study of LN metastasis in experimental models and
human patients has provided valuable information concerning lymphatic biology, tumor cell migration,
and sentinel LN mapping [106,107]. The sentinel LN involvement is consistently related with increasing
tumor volume, but possibly with host conditions, tumor location, ulceration, increasing mitotic
rate, and lymphatic invasion. The sentinel LN mapping and biopsy was first applied to melanoma,
and subsequently extended to breast cancer and others [9]. Lymphatic imaging techniques are based on
visualization of lymphatics and LNs in simple and minimal invasive procedures with less side-effects
and repetitive application [107,108]. The therapeutic decision-making for cancer patients usually depends
on accurate detection and mapping of sentinel LNs. The status of metastatic sentinel LNs serves as
an indicator of tumor staging, patient management, and prognosis. New optimized techniques, e.g.,
nanoparticle-enhanced magnetic resonance imaging (MRI), quantum-dot-based fluorescence imaging,
and near-infrared (NIR) imaging have been performed for functional assessment of lymph rerouting in
tumor tissues after sentinel LN metastasis, and for dual-modality mapping guided photothermal therapy
in regional LN metastasis of melanoma, breast and pancreatic cancers [103,106]. Furthermore, molecularly
specific imaging has been used for targeting cancer-positive LNs and malignant cells with intravenous
administration of radiolabeled and fluorescently labeled antibodies [109]. Intraoperative fluorescence
imaging modalities were also reported by using light-absorption correction, macrophage-specific
fluorescent probe (MFP) and albumin labeling for quantitative nodal staging. The metastasized LNs
with significantly reduced macrophages lack uptake of MFP and generally show a low fluorescence
signal [107,110]. Undoubtedly, the combined use of traditional non-invasive and novel quantitative
imaging approaches may provide more rapid, accurate and detailed information for tumor-draining
LN metastasis and obviate routine LN dissection for cancer staging.

4.2. LEC-Tumor Cell Interface and Prometastatic Factors

It is not totally unclear why the tumor cells “choose” the lymphatics for migration, and how the tumor
cells interact with LECs and get access into the initial lymphatics in the intratumoral and peritumoral
tissues. The expansion of intranodal lymphatic sinuses, LN lymphangiogenesis, and increased lymph
drainage may implicate that tumor tissues programmed for LN metastasis have exerted a wide range
of effects on premetastatic adaptation of draining LNs [77,80]. The pro-tumorigenic changes, like
increased tumor cell proliferation and abnormal LN morphology may be a response to diverse stimuli
ranging from chemokines, cytokines and growth factors (Table 2). In particularly, the morphological
changes of lymphatic sinuses in LNs might be a promising strategy for the early detection of cancer
metastasis. In human ductal mammary carcinomas, LECs react specifically with tumor-derived
products of lipoxygenases that may serve as a mediator of tumor cell invasion into lymphatics and
metastatic spreading from the sentinel to postsentinel LNs. The process involves premetastatic niche
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in axillary LNs, invasion of tumor cells into the lymphatics, and eventually intranodal tumor cell arrest
and extravasation [98]. The image analysis in a mouse tumor model has shown that fluorescently
labeled breast cancer cells enter lymphatics initially as single cells and then occur as tumor cell clusters
within the vessel [105]. Moreover, bulk invasion of metastatic cells in mammary carcinomas was
detected by in vivo microscopy, showing that xenografted tumor cells spontaneously form mobile
cohesive groups and preferentially invade into lymphatics. It suggests that single cell motility is
essential for blood-borne metastasis while cohesive invasion is capable of lymphatic spread [111].
Currently, there still lacks sufficient evidence to assess the role of cellular and molecular events on
tumor progression and LN metastasis.

4.2.1. Transforming Growth Factor-3 (TGF-), an Inducer of Epithelial-Mesenchymal Transition (EMT)

Tumor cell heterogeneity is of importance in determining LN metastasis. Subgroups of cancer
cells in a tumor have great differences in genetic alteration patterns, and in epigenetic and metabolic
regulation. The microenvironment changes may confer distinct growth advantages, and diverse
phenotypes with differing migration and metastatic capability may evolve in a tumor mass over
time [112,113]. Certain malignant cells within a heterogeneous tumor preemptively penetrate into the
slender lymphatic wall and invade the surrounding tissue, and subsequently metastasize to distal
sites. The process of cancer cell invasion and metastasis has been implicated to be associated with
epithelial-mesenchymal transition (EMT) activation, involving transdifferentiation of epithelial cells
into mesenchymal-like cells with migratory and stem cell properties [114]. Tumor invasion into
lymphatics may share some features with the processes similar to EMT in embryo implantation
and embryogenesis, such as disruption of cell-cell adherens junctions and enhanced migratory
capacity [115,116]. Transforming growth factor- (TGF-$), a multifunctional cytokine, is known
to play an important role in tumor progression and metastasis by promoting tumor angiogenesis and
lymphangiogenesis as well as extracellular matrix formation [13,117]. TGF-f is also a potent inducer of
EMT during development and in cancer, and may be essential in the selection of cohesive or single-cell
migration pattern by metastatic cells [111,118]. The cellular source of TGF-f3 is attributed to immune
cells, like macrophages and regulatory T cells in tumor microenvironment [119]. TGF-f31 can promote
CCR7/CCL21-medjiated crosstalk between tumor cells and LECs, and increase CCR7 expression in
EMT cells through p38 mitogen-activated protein kinase (MAPK)-mediated activation of the JunB
transcription factor. The mammary tumor cells undergoing TGF-f-induced EMT have been found to
become activated for targeted migration through the lymphatics similar to DCs during inflammation,
and thus acquire the capacity to detach and migrate away from the primary tumor. The migration
process of EMT cells into lymphatics is dependent on the induction of CCR7, which stimulates the cells
to sense and migrate toward CCL21 produced by LECs [120]. TGFE-{ signaling can also be enhanced
by the sine oculis homeobox homolog 1 (SIX-1) expressed in tumor cells [121]. The upregulation of
SIX-1in primary tumor may increase peritumoral lymphatic density, promote lymphangiogenesis and
LN metastasis in cervical cancers by increasing the expression of VEGF-C [122,123]. TGF-f} triggers a
complex network of signaling cascades including its crosstalk with integrins. In a mouse model of
non-small-cell lung cancer, combined targeting of TGF- and integrin-33 has significantly reduced
the incidence of LN metastasis [124]. In addition, TGF-1 might exert dual effects on promotion
and inhibition of lymphangiogenesis, by upregulating VEGF-C expression, and by downregulating
VEGEFR-3 and suppressing LEC properties [125,126]. These signals might thus be a potential therapeutic
target for preventing LN tumor metastasis.

4.2.2. The Role of Chemokines in Trafficking of Tumor Cells to LNs

Chemokines are actively involved in not only maturation and migration of immune cells, but the
trafficking of tumor cells to LNs. Chemokine receptors in tumor cells have been shown to facilitate
organ-specific metastasis in experimental tumor models and human cancers [127,128]. Tumor cells are
guided into the lymphatics by chemokine gradients, in which CCL19 and CCL21 are key players in
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metastatic dissemination of malignant cells via the lymphatic system. CCL21 is constitutively expressed
by the lymphatics and its receptor CCRY7 is expressed by melanoma and breast cancer cells [129].
CCR?7 expression on tumor cells promotes lymphatic spread in several malignant tumors, although
a comprehensive characterization of the CCR7-CCL19/CCL21 axis in LN metastasis still remains to
be determined. Experimental evidence has indicated that the signaling axis is primarily responsible
for LN metastasis formation by recruiting tumor cells to the T cell zone of LNs [130,131]. Lymphatic
invasion by CCR7 expressing pancreatic ductal adenocarcinoma (PDAC) cells is additionally enhanced
by upregulation of CCL21 in tumor-associated lymphatics. Lack of CCR7 impairs the metastatic
potential of PDAC [132]. In human breast cancers and esophageal SCC, causality analysis between
CCR?7 expression and LN metastasis has shown that CCR7 expression is significantly correlated with
poor outcomes in patients [127]. Moreover, LECs lining afferent lymphatics and intranodal lymphatic
sinuses represent a barrier for entry of tumor cells into the LNs, which is controlled by CCL1-CCRS.
In human and mouse tissues, CCL1 secreted by LECs lining subcapsular sinuses was found to mediate
the LN entry of CCR8-expressing melanoma cells from afferent lymphatics. CCL1 production and
tumor cell migration to LECs are also promoted by proinflammatory mediators TNF, IL-1f3 and
lipopolysaccharide. CCR8 inhibition results in tumor cell arrest in collecting lymphatics at the junction
with the LN subcapsular sinus [133]. Recently, CXCL12 (stromal cell-derived factor-1, SDF-1)/CXCR4
system has been reported to be involved the establishment of LN metastasis in different cancers, e.g.,
breast cancer and SCC, and ovarian cancer [128,134]. The LECs express CXCL12, binding to CXCR4
receptor on malignant cells lead to chemoattraction. CXCR4 signaling may regulate metastasis of
chemoresistant melanoma cells by a lymphatic premetastatic niche [135]. In preclinical mouse models,
antagonists or neutralizing antibodies of CXCL12/CXCR4 axis as potential therapeutic reagents have
been shown to reduce LN metastasis of breast cancer cells and melanoma cells [135].

4.2.3. Involvement of Macrophages and Adhesion Molecules in Cancer Progression and Metastasis

Macrophages promote cancer initiation and progression by releasing cytokines. Alteration of
macrophage phenotype and function has a profound effect on inflammatory tumors, in close association
with macrophage-induced lymphangiogenesis [136-138]. The macrophage recruitment to the tumor
microenvironment may activate the transcriptional factors (STAT3, HIF-lx, AP-1 and NF-«B) in cancer
cells, which further enhance the production of several inflammatory mediators, cytokines and enzymes to
accelerate LN metastasis [13,139]. Tumor-derived IL-1 has been reported to promote lymphangiogenesis
and LN metastasis through M2-type macrophages. The IL-1x-driven inflammatory activation of
lymphangiogenesis seems to provide a tumor microenvironment favorable for LN metastasis of
lung cancer cells through crosstalk with macrophages [140]. In addition, adhesion molecules, e.g.,
integrin o9, ICAM-1 and VCAM-1, are essential for lymphatic development and function, mediating
vessel stability, permeability, valve formation and migration of leukocytes to draining LNs [35,40].
LEC-expressing integrin «431 facilitates metastasis by promoting direct adhesion of tumor cells to
expanded LECs in LN, in part serving as a receptor to capture VCAM-1* metastatic lung and breast
tumor cells [141]. LECs may be involved in inhibiting DC maturation and function. Skin-derived
LECs interact with DCs via ICAM-1 and diminish their ability to stimulate T cell responses [142].
Activated leukocyte cell adhesion molecule (ALCAM, CD166) is expressed by LECs and leukocytes in
LN, playing a crucial role in stabilizing LEC-LEC interactions, and in the organization and function of
lymphatic networks and LN homeostasis. Abnormalities of the lymphatic network and DC migration
may account for the reduced LN cellularity observed in ALCAM~/~ mice [143]. The upregulation of
ALCAM in tumor tissues is closely correlated with cancer cell progression and metastasis [144].

4.2.4. Other Molecular Mediators of LEC-Tumor Cell Interface

Tumor cells express multiple Toll-like receptors (TLRs) indicating their role in tumor progression
and manipulation of host immune responses [145]. TLR deficiency is involved in decreased
lymphangiogenesis and macrophage infiltration, decreased interstitial and lymphatic transport,
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and abnormal lymphatic architecture [146]. Stimulation of LECs by using specific TLR agonists
may lead to distinct cytokine and chemokine secretion profiles that reflect the specialized functional
requirements of LECs. Aberrant lymphatic growth and expansion help to provide a permissive
immune niche for promoting tumor aggressiveness and LN metastasis [147]. The experimental
study has indicated that microRNAs bind to TLRs to induce prometastatic inflammatory response
that ultimately may promote tumor growth and metastasis [148]. In patients with LN invasion and
resectable gastric cancer, a high TLR3 expression defines a population with even worse prognosis and
survival [149]. Recently, an unbiased approach based on molecular mimicry has been developed to
identify specific receptors that mediate LEC-melanoma cell interactions and metastasis. Validation
experiments showed that the phosphatase 2 regulatory subunit A, x-isoform (PPP2R1A) is expressed on
the cell surfaces of both melanoma and LECs in vitro as well as independent melanoma patient samples.
PPP2R1A-PPP2R1A homodimers occurred at the cellular level to mediate cell—cell interactions at the
lymphatic-tumor interface, indicating that PPP2R1A is a new biomarker for melanoma metastasis [150].
New molecular methods will allow investigators to label and track single tumor cells migrating in
the lymph flow especially after they have reached draining sentinel LNs. In this context, a better
understanding of the active interaction between LECs and cancer cells during tumor progression will
guide the development of more effective approaches for successfully controlling and treating cancer.

4.3. LN Lymphangiogenesis and Metastasis

During the past decade, advances have dramatically increased the knowledge of the mechanisms
of lymphangiogenesis in LNs, including the roles of lymphangiogenic factors and signaling cascades
(Table 2). Metastatic spread is enhanced by increased lymphangiogenesis in and around the primary
tumor. Tumor lymphangiogenesis is a multiple-factorial process attributed to the interactions between
endothelial cells, tumor cells, and other components in tumor microenvironment. Lymphangiogenesis is
also an important physiological response to inflammatory insult. Immune cells including macrophages,
DCs, B cells and T cells have been reported to orchestrate lymphangiogenesis in inflamed peripheral sites
and LNs [21,69]. Elucidating the interaction between lymphangiogenesis and LN pathobiology will
bring us new insights into mechanisms of sentinel LN metastasis.

4.3.1. LN Lymphangiogenesis and “Lymphovascular niche”

Tumor-induced lymphangiogenesis provides an expanded lymphatic network that increases the
probability for tumor cells to enter into initial lymphatics in response to LEC-derived chemokines [11],
and enhances molecular and cell delivery to the draining LN. The formation of new lymphatic sprouts
surrounding tumor cells, and tumor cell transmigration through intercellular junctions of endothelial
cell monolayers may explain the entry of tumor cells into initial lymphatics [104]. Cancer cells can
actively invade lymphangiogenic vessels inside the LNs by inducing the formation of circular defects
in the endothelial layer [98]. In hybridoma-induced tumor models, the tumor cells with their metabolic
products were frequently found to adhere to or penetrate newly formed lymphatics in various patterns,
especially near the intercellular junctions where dense 5’-Nase-cerium precipitates extend into the
typical interdigitating and overlapping junctions [102]. Tumor-induced lymphangiogenesis in the
vicinity of primary tumors increases the likelihood that invasive tumor cells will enter the lymphatics
and traffic to regional LNs and beyond. In more detail, intratumoral lymphatics are usually physically
collapsed and non-functional, cancer cells predominately disseminate by invading and utilizing
peritumoral lymphatics. Lymphangiogenesis in the peritumoral tissues has been found to increase
sentinel LN metastasis and postsentinel tumor spreading in several experimental models and clinical
studies [102,151]. However, lymphatics in the tumor periphery have exhibited slow pulse rate and
abnormal draining patterns as a result of dysfunctional valves in the dilated vessels [152]. Possibly,
chronic exposure to factors draining from tumor tissues, e.g., NO or inflammatory mediators, may
have direct effects on the dilation and contractility of collecting lymphatics [84].
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Table 2. Molecules and factors relating to intranodal LECs and LN metastasis.
Division Molecules and Factors Function and Property References
Tumor lymphangiogenesis and extracellular matrix formation;
TGF-p Lymphatic invasion and metastasis via EMT activation [120,125]
Promoting tumor lymphangiogenesis and LN metastasis via upregulation of TGF- and VEGF-C
SIX-1 ! el [121-123]
expression, and EMT activation
LN metastatic dissemination of malignant cells;
CCL19/CCL21/CCRY Lymphatic spread by recruiting tumor cells to T cell zone [130,131]
Mediating entry of tumor cells into LNs;
CCLI-CCR8 TNF, IL-1f and lipopolysaccharide increase CCL1 production by LECs [133]
LEC-Tumor Cell Interface - - - —
and Prometastatic Factors CXCL12 (SDF-1)/CXCR4 Controlling tumor metastasis by a lymphatic premetastatic niche [135]
IL-1 Promotion of lymphangiogenesis and LN metastasis through M2-type macrophages [140]
Regulation of vascular stability, permeability, leukocyte migration and valve formation;
Integrin, ICAM-1, VCAM-1 Promotion of LN metastasis by adhesion of tumor cells to LN-LECs, and by establishment of a [40,124,141,142]
metastatic niche in LNs
Heterogeneous expression in LECs derived from different tissues;
TLR deficiency is involved in decreased lymphangiogenesis and macrophage infiltration,
TLRs and abnormal lymphatic architecture; [145-149]
Tumor progression and immune responses;
Induction of prometastatic inflammatory response
. Expression on tumor cells and LECs;
PPP2RIA-PPP2R1A homodimers Regulation of cell-cell interactions at the lymphatic-tumor interface [150]
Abnormal, nonfunctioning or immature lymphatic formation;
VEGEF-C Promotion of tumor cell survival inside LNs and entry into afferent lymphatics; [21,153,154]
Increased lymph flow
Regulation of tumor phenotype and dormancy;
. . EMILIN-1 Promotion of premetastatic niche formation and LN Invasion [155]
LN Lymphangiogenesis
and Metastasis Apelin Accelerated tumor growth; [156]
P Increased intratumoral lymphangiogenesis
_— Increase of VEGF-C expression in LN macrophages;
Erythropoietin Increase of LN lymphangiogenesis and nodal metastasis [157]
Prostaglandin LN lymphangiogenesis; [158]

Induction of premetastatic niche formation
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Table 2. Cont.
Division Molecules and Factors Function and Property References
s Suppressing lymphangiogenesis in tumor tissues and draining LNs;
SphK1 inhibitor Suppressing S1P levels and tumor metastases to LNs [50]
Inhibiting tumor growth;
LyP-1 Reduction of tumor lymphatic numbers [159]
Inhibitors of Lymphatic BMP-9 Inhibition of lymphatic formation during tumorigenesis; [160]
Metastasis Induction of dedifferentiation of LECs to BECs by reduction of Prox-1 expression
S Reduction of tumor lymphangiogenesis;
mTOR inhibitors Prevention of cancer cell dissemination to LNs [161,162]
Induction of lymphangiogenesis;
IL-7 Improvement of T-cell survival, numbers and repertoire diversity; [55,163]
Promotion of lymph drainage and antigen transport
Improvement of survival and functionality of transferred LNs;
AdVEGF-C, AAVEGEF-D Increase of lymphatic numbers; [164]
Promotion of lymph drainage
Blockade of VEGF receptors Ant.l—!){mphanglogen1c thgrap 1es [165]
Inhibiting tumor metastasis
COX-2 inhibitors Inhibiting tumor lymphangiogenesis and metastasis [166,167]
TGF-p inhibitors Reduction of tumor lymphangiogenesis and LN invasion [117,168]
Neuropilin-2 inhibitors, Promoting LEC collapse and inhibiting lymphangiogenesis [169-171]

Recombinant semaphorin-3C/-3F

TGF-, transforming growth factor-f3; SIX-1, sine oculis homeobox homolog 1; CCL19, chemokine (C-C motif) ligand 19; CCL21, chemokine (C-C motif) ligand 21; CCR7, chemokine
(C—C motif) receptor 7; CCL1, chemokine (C-C motif) ligand 1; CCR8, chemokine (C—C motif) receptor 8; CXCL12, chemokine (C—X-C motif) ligand 12; CXCR4, chemokine (C-X-C
motif) receptor 4; SDF-1, stromal cell-derived factor 1; IL-1, interleukin-1; ICAM-1, intercellular adhesion molecule 1; VCAM-1, vascular cell adhesion molecule 1; TLRs, Toll-like
receptors; PPP2R1A, protein phosphatase 2 regulatory subunit A, a-isoform; EMILIN-1, elastin microfibril interface-located protein 1; SphK1, sphingosine kinase 1; LyP-1, lymphatic
peptide 1; BMP-9, bone morphogenetic protein 9; mTOR, mammalian target of rapamycin; IL7, interleukin 7; AAVEGF-C/-D, adenoviral VEGF-C/-D; COX-2, cyclooxygenase-2; LN,
lymph node; LECs, lymphatic endothelial cells; EMT, epithelial-mesenchymal transition; BECs, blood vascular endothelial cells; Prox-1, prospero-related homeobox 1; TNF, tumor

necrosis factor.
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Molecular factors secreted by tumor cells may alter the local microenvironment to promote
invasion and metastasis. Tumor-draining sentinel LNs undergo enhanced lymphangiogenesis even
before metastasis, acting as a permissive “lymphovascular niche” to ensure long-term survival, growth
and colonization of metastatic cells in the secondary site [92]. Lymphatic involvement by metastatic
tumor cells and LN lymphangiogenesis may further promote tolerance from host immunity. The draining
LN is bathed in tumor interstitial fluid containing inflammatory mediators and tumor-secreted antigens,
cytokines and growth factors. The tumor-draining LN is more immunologically tolerant of the invading
cancer cells compared to the LN that does not drain the tumor [80], and it may partially explain the
reason why sentinel LN lymphangiogenesis promotes metastasis.

4.3.2. Prolymphangiogenic Factors and Metastasis

VEGEF-C is one of the crucial factors in promoting lymphangiogenesis and lymphatic metastasis
in several kinds of cancers. Primary tumors via secretion of VEGF-C induce lymphatic hyperplasia
of the sentinel LN and thereby contribute to cancer progression. VEGF-C-induced sentinel LN
lymphangiogenesis may promote the entry of tumor cells into afferent lymphatics and improve
tumor cell survival inside the LN. In the rat breast cancer model, tumor-derived VEGF-C draining to
regional LNs promotes the outgrowth of LN metastasis and induces lung metastasis independently
of its effects on LN metastasis [153]. In the B16 murine melanoma model, VEGF-C-overexpression
in cancer cells markedly increases lymph flow from the primary tumors to the draining LNs and
subsequently increases the incidence of metastasis [154]. In addition, VEGF-C/phosphatidylinositol
3-kinase o (PI3Kx)-driven remodeling of LNs promotes premetastatic niche formation by activating
integrin «4p1 [141], suggesting that VEGF-C may stimulate LN lymphangiogenesis by promoting
PI3BKa-mediated integrin «4B1 activation. In the process of tumor-induced lymphangiogenesis,
abnormal, nonfunctioning or immature lymphatic formation around tumor periphery may allow
retrograde lymph drainage, but this concept has not yet been adequately demonstrated.

The elastin microfibril interface-located protein 1 (EMILIN-1), an extracellular matrix glycoprotein,
is diffusely expressed in several tissues, exerting a suppressive or protective role in lymphatic
formation, and tumor growth and metastatic spread to LNs. EMILIN-1 structural integrity represents
a regulator of fundamental processes, e.g., tumor phenotype and dormancy, and premetastatic niche
formation [155]. EMILIN-1 deficiency causes lymphatic hyperplasia and structural anomalies, facilitating
lymphangiogenesis-related tumor cell dissemination to LNs [155]. Apelin, a bioactive peptide known as
the ligand of the G protein-coupled receptor AP], has been reported to regulate lymphangiogenesis and
attenuate inflammation by promoting LEC function [172]. Apelin overexpression in malignant cells
is associated with accelerated in vivo tumor growth, and increased intratumoral lymphangiogenesis
and LN metastasis [156]. In tumor-bearing animals, administration of erythropoietin can stimulate
both intranodal lymphangiogenesis and LN metastasis by increased migration, capillary-like tube
formation, and dose- and time-dependent proliferation of human LECs, and can also increase VEGF-C
expression in LN-derived CD11b* macrophages [157].

SDF-1-expressing DCs have significant effects on the accumulation of CXCR4-expressing Lewis
lung carcinoma cells, and on the formation of the regional LN premetastatic niche [158]. In the
experiment, the cyclooxygenase-2 (COX-2)/prostaglandin E2-EP3-signaling dependent VEGF-C/-D
production in macrophages and DCs has been suggested to induce lymphangiogenesis in the efferent
side of subcapsular regions [158]. Inhibitors of prostaglandin E2, together with SDF-1 receptor
antagonists and EP3 antagonists, may be promising agents for the suppression of premetastatic
niche formation and LN metastasis. Ectopic expression of §-catenin, an adherens junction protein, in
LECs may increase cell motility and lymphatic network formation in vitro and lymphangiogenesis
in vivo through modulation of small Rho GTPase activation. Knockdown of $-catenin results in a
significant reduction of lymphangiogenesis and tumor metastases in mouse models [173]. In addition,
a recent experiment has shown that the lymphatic endothelial antibody of the murine chloride channel
calcium-activated 1 (mCLCA1) protein induces proliferation and growth of intranodal lymphatic
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sinuses [174]. Undoubtedly, tumor lymphangiogenesis is closely related with cancer cell spread via
the intranodal lymphatic channels. The sentinel LN may provide a permissive microenvironment for
tumor progression and metastasis. However, the involvement of tumor-associated lymphangiogenesis
in LN premetastatic niche formation and immune modulation during cancer progression remains to
be clarified.

5. The Role of Intranodal Lymphatic Sinuses in Cancer Therapy

Structural and functional changes of the draining LNs are involved in several human diseases
like lymphedema, inflammation and tumor metastasis. In tumor microenvironment, tumor cells,
inflammatory cells and LECs play a crucial role in neoplastic transformation, cancer invasion and
metastasis, host immunity, and therapeutic resistance through the release of extracellular signals e.g.,
cytokines, chemokines and growth factors [138]. Many cellular and molecular components of the
microenvironment are emerging as potential targets for therapeutic strategies.

5.1. Inhibitors of Lymphatic Metastasis

The metastatic process involves a complex series of dynamic and reciprocal interactions between
the tumor and the host, and thus the patient's immune system is intimately involved in these
interactions. Recent advances in the study of LN biology are beginning to yield significant new insights
into the mechanism of cancer metastasis and therapeutic implications, in which VEGF-C/VEGFR-3,
Notch, TGF-3/BMP, MAPK, PI3K/Akt/mTOR signaling pathways have been described in the control
of lymphatic growth and remodeling [31,141,160,175]. Therefore, targeting these common signaling
pathways may be an attractive strategy for cancer therapy including immunotherapy (Table 2).
Any means that eradicates cancer cells resident in or transiting through the draining LN would probably
provide considerable long-term therapeutic benefits to people with a wide variety of common cancers.

5.1.1. Inhibitors of S1P Signaling and PI3K/Akt/mTOR Pathway

LNs constitute a critical crossroad between draining proteins, APCs, lymphocytes and even
tumor cells. The tumor microenvironment including sentinel LNs is under immunosuppressive
conditions such that the immune system is not able to eliminate cancer cells without immune-activating
interventions. Constitutive activation or inhibition of various signaling pathways in human
cancer cells can modulate multiple immunosuppressive cascades including cytokines, chemokines,
and immunosuppressive cells [176]. Targeting S1P signaling leads to a significant suppression of
cancer development in vivo, especially the inflammation-associated cancer [177]. In a syngeneic tumor
model, administration of the specific sphingosine kinase 1 (SphK1) inhibitor suppresses S1P level,
and reduces peritumoral lymphatic density and LN metastases [50]. LyP-1 peptide specifically binds to
tumor cells and LECs in certain tumors, but not lymphatics in normal tissues. Systemic LyP-1 peptide
treatment of mice xenografted with breast cancer cells inhibits tumor growth characterized with foci of
apoptotic cells and lack of lymphatics [159]. LyP-1-conjugated doxorubicin-loaded liposomes destroy
tumor lymphatics and then inhibit LN metastases [178]. Bone morphogenetic protein 9 (BMP9) induces
the dedifferentiation of LECs to BECs through a possible reduction in the transcription factor Prox-1
expression, and controls lymphatic maturation and valve formation during embryogenesis [160,179].
During tumorigenesis, bone morphogenetic protein 9 (BMP-9)/activin receptor-like kinase 1 (ALK-1)
signals negatively regulate lymphatic formation [160], suggesting that BMP-9/ALK-1 signals have
potential as a target for cancer therapy. The development of inhibitors to specifically target the
PI3K/Akt/mTOR pathway may also represent a strategy for the prevention and treatment of cancer.
In a murine orthotopic model of head and neck SCC, inhibition of mTOR with rapamycin can diminish
lymphangiogenesis in the primary tumors and prevent the dissemination of cancer cells to cervical
LNs, thereby prolonging animal survival [161]. In patients, targeting mTOR is efficacious against
advanced medullary thyroid carcinoma [162]. Recently, rapamycin inhibition of Freund's complete
adjuvant (CFA)-induced lymphangiogenesis in popliteal LNs was found to be independent of mast
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cells [180]. Actually, the dual PI3K and mTOR inhibitors are either in clinical trials or already approved
for treatment of patients.

5.1.2. DC-Based Immunotherapy

CCL19 and CCL21 guide DC emigration out of tissues and immigration into the draining LN.
The CCR7-CCL19/CCL21 axis is simultaneously involved in cancer cell dissemination and metastasis
formation as well as in adaptive immune cell homing to lymphoid organs. Accumulated DCs in
LNs can activate naive T cells, determining the therapeutic effects of DC-based immunotherapy [181].
In this context, the development of immune-based clinical implications for cancer treatment should be
taken into account when interpreting the significance of LN-LEC immune functions. Metastatic cells
often reach the LNs by mimicking the molecular mechanisms used by hematopoietic cells to traffic
to peripheral lymphoid organs. On the basis of the theoretical opinion, oncolytic virotherapy and
immunotherapy were performed by adoptive transfer of normal T cells loaded with oncolytic virus
into tumor-bearing mice and virus-immune mice. The simple therapeutic treatment can both reduce
the distribution of metastases and vaccinate the affected individual in situ against different cancer
types [182]. Chemotherapy with cisplatin has induced activation and migration of antigen-loaded
DCs into tumor-draining LNs dependent on the type I IFN pathway. Antigen density within the
tumor is considered to be an important determinant of the outcome of immune surveillance following
chemotherapy [183]. Clinical evaluation of IL-7 in human cancer is based on enhancement of adaptive
immunity for improving T-cell survival and numbers, as well as T-cell repertoire diversity [163].
Administration of IL-7 has immune-activating effects by supporting lymph drainage function and
thereby increasing the transport of antigen to draining LNs. However, the IL-7 therapy might enhance
tumor lymphangiogenesis and metastatic spread in cancers [55].

5.1.3. LN Transplantation and VEGF Inhibitors

LNs provide an immunological barrier against systemic dissemination of cancer cells and other
pathogens. However, a number of tumors initially metastasize by spreading predominantly into
regional LNs, where malignant cells grow indefinitely and without order. Effective LN transplantation
holds potential for immunotherapy applications in the treatment of cancer and chronic infections.
The outcome of LN transplantation has included functional reconstitution of the immunological barrier
against tumor metastasis, which can be improved by subsequent administration of growth factors [184].
Actually, adenoviral VEGF-C or adenoviral VEGF-D therapy has greatly improved survival and
functionality of transferred LNs by increasing lymphatic number and promoting lymph drainage [164].
Within tumor-bearing LNs, VEGF-A /C-mediated lymphangiogenesis results in increased lymph
flow and lymphatic formation in distant LNs [185]. In experimental tumors, overexpression of
VEGF-C and VEGF-D induces tumor lymphangiogenesis and promotes tumor metastasis, which
can be inhibited by blocking the interaction of VEGFR-3 with its ligands [165,166]. Furthermore,
COX-2 has been shown to upregulate VEGF-C and VEGEF-D. The physiologic COX-2-dependent
lymphangiogenesis usually occurs in the postpartum mammary gland. The increased peritumoral
lymphatic density in human postpartum breast cancers, was found to contribute to the overall poor
prognosis by promoting LN metastasis [167], suggesting that further study of the therapeutic efficacy
of COX-2 inhibitors in cancer is warranted. In an experimental study, the direct contribution of tumor
TIE-2-expressing monocytes and VEGFR kinase activities to the breast tumor lymphatic network was
reported, suggesting a combined use of TIE-2 and VEGFR kinase inhibitors as a therapeutic approach
to block lymphangiogenesis in breast cancer [186].

5.1.4. Other Metastatic Inhibitors

TGF-p is a known inducer of integrin expression by tumor cells, and increased integrin-f33 is
dependent adhesion of non-small-cell lung cancer cells to LECs, which are contributing to cancer
metastatic spread. The dual targeting of TGF-f3 and integrin-33 was reported to be used as a promising
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therapeutic approach to reduce lung cancer metastasis to LNs [124]. A recent experiment has also
revealed that TGF-p-induced protein increases CCL21 expression in LECs, and anti-integrin 33
antibody inhibits lymphatic sprouting induced by the protein. In vivo inhibition of TGF-f3-induced
protein expression can greatly reduce tumor lymphangiogenesis and metastasis [117]. The activation
of TGF-f-activated protein kinase 1 (TAK1) may up-regulate CCR7 expression and increase lymphatic
invasion ability of cancer cells. Inhibition of TAK1 was found to decrease LN invasion and distant
metastasis [168]. The role of neuropilin-2 as a potential therapeutic target in preventing LN metastasis
has been highlighted by the fact that colorectal carcinoma can induce activation of neuropilin-2 in LECs
to promote tumor lymphangiogenesis via integrin-«931/focal adhesion kinase (FAK)/Erk pathway
independent VEGF-C/VEGEFR-3 signaling [169]. Indeed, neuropilin-2 is semaphorin 3C and 3F receptor.
Full-length semaphorin-3C was found to be an inhibitor of tumor lymphangiogenesis and metastasis,
which can induce the collapse of LEC cytoskeleton in a neuropilin-2-dependent manner and inhibit
VEGF-C-induced signal transduction and LEC proliferation [170]. Similarly, recombinant semaphorin
3F also promotes LEC collapse and potently inhibits lymphangiogenesis in vivo and may represent
an antilymphangiogenic metastasis suppressor gene in head and neck squamous cell carcinomas
(HNSCC) [171]. Tumor-secreted adrenomedullin is a critical factor for inducing lymphangiogenesis
and lymphatic enlargement through a pharmacologically tractable G-protein-coupled receptor both
in primary tumor tissues and sentinel LNs, suggesting targeting of adrenomedullin signaling may
provide a new avenue for inhibiting tumor progress [187].

The nanoparticles depend on lymph drainage to reach the LNs, and target different cells
within a given organ, which can substantially affect the quality of the immunological response
by interacting with monocytes, macrophages and myeloid DCs [188]. The anticancer efficacy of
a supramolecular complex was reported to be used as an artificial enzyme against multi-drug-resistant
cancer cells. Tumor actively-targeted theranostic nanoparticles have been developed for therapeutic
and diagnostic applications [136,189]. In addition, despite small-molecule drugs, biologics, miRNA,
RNA interference (RNAi) and vaccines are under active investigation, the cancer stem cell (CSCs)
involved in tumor-induced lymphangiogenesis are now emerging as a plausible target for new drug
discovery [190,191]. CSC model may provide a theoretical basis for developing therapies that target the
minority CSC population, and present a new perspective for the treatment of cancer [192]. Obviously,
novel approaches for inhibiting LN metastasis may offer the advantage of specific tumor targeting,
limiting healthy tissue exposure and toxicity. Targeted therapies are currently the focus of much
anticancer drug development, which may control LN lymphangiogenesis and tumor cell adhesion
to LN-LECs.

5.2. Perspectives

Significant advances have been made in the last decade to our understanding of lymphatic
involvement in lymphedema, inflammation and cancer metastasis. Most of them have uncovered
previously unseen phenomena by utilizing innovative techniques to visualize the change of lymphatic
structures and functions in a wide variety of transgenic and knockout models and in human diseases.

LECs are involved in cancer metastasis by facilitating recruitment of tumor cells into initial
lymphatics and draining LNs, by creating a cancer stem cell niche to enable tumor progression,
and by regulating host antitumor immune responses to potentially improve clinical outcomes [193].
Lymphangiogenesis in primary tumors and LNs represents an important prognostic marker for the
risk of future metastasis and overall survival in many kinds of cancers [101]. An increased number and
size of peritumoral lymphatics may provide more opportunities for cancer invasion and metastasis,
and increased pumping and lymph flow may create a dynamic force for accelerating cancer spreading
to the draining LNs, especially in the majority of epithelial cancers [77,154]. Emerging evidence has
suggested that LN-LECs play a novel role in regulating host immunity, including dampening DC
maturation and secreting immunosuppressive factors for suppression of T-cell function. LN-LECs
may drive T-cell tolerance by antigen presentation, and actively scavenge exogenous lymph-borne
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antigens or regulate transendothelial transport [70,142]. In fact, the intralymphatic malignant cells
may fail to reach the sentinel LN possibly by host immunity, or gain access to the lymphatics as one
of the earliest metastatic events before sentinel LNs are positive, or is present in the regional LN
basin but undetectable [194]. Thus, it remains to be addressed whether a significant correlation exists
between lymphatic invasion and sentinel LN involvement, and how the metastatic cells exit from
LNs. Furthermore, in tumor microenvironment, what kind of differences of lymphatic phenotypes
and functions are there between the sentinel and non-sentinel LNs? How does the sentinel LN act as a
barrier or facilitator during cancer progression? In the near future, inducible labeling of malignant
cells for entering and exiting from sentinel LNs holds great promise to develop new and innovative
treatments for cancer [92].

The relevance of lymphangiogenesis in tumor-induced immune modulation of sentinel LNs
and premetastatic niche formation still remains an open question. The premetastatic niche in
LNs represents a specialized microenvironment that promotes the survival and outgrowth of
disseminated tumor cells. What are the cells involved in the niche, and what are their morphologic,
immunophenotypic, and molecular features? Is it possible to reprogram the premetastatic niche cells to
alter premetastatic microenvironment. Understanding cellular and molecular mechanisms regulating
intranodal lymphatic reconstruction and remodeling should be a prerequisite to novel therapeutic
approaches for human cancers. The strategy for targeting premetastatic niche molecules may prevent
the spread of cancer cells to distant sites. However, considering molecular targeted therapy of cancer,
unraveling and exploiting the involvement of LN-LECs in immune response stimulation and tolerance
continues to be a challenging task.

Therefore, the research strategy involves the convergence of multiple fields such as lymphatic
biology, immunology, bioengineering, and tumor microenvironment. The most relevant questions
and approaches should be defined to help answer if biological and immunological issues in the
interaction of tumor cells and LN-LECs hold the key to the design of successful anti-cancer therapeutics.
In this respect, there is a growing need for the identification of molecules with particular biological
effects in cell-based assays or animal models, to evaluate the functional status of tumor-associated
lymphatics and to provide a quantitative framework for guiding preclinical trials of new anticancer
chemotherapies, targeted therapies and even immunotherapies.

6. Conclusions

A dynamic process in the LN homeostasis and remodeling involves different cellular and
molecular components, and T cell/B cell zones. Increasing evidence supports a novel functional
role of LN-LECs in immune response through producing cytokines and chemokines. LN metastasis
is involved in regulation by multiple factors and different cell types, which drive the migration
of tumor cells into lymphatics and beyond, and regulate the balance between host immunity and
tolerance. Induction of lymphangiogenesis by VEGF-A/-C and increased interstitial flow are positively
correlated with cancer cell dissemination to the draining LNs. Tumor-derived VEGF-C induces
lymphatic hyperplasia in sentinel LNs even before tumor metastasis, involved in a formation of
premetastatic niche. Intranodal lymphatic sinuses are also greatly influenced by CCR7-CCL19/CCL21,
CXCL12/CXCR4, S1P, IL-7, IEN-y, integrin o431, and TGF-f3 in tumor microenvironment. Therefore,
a greater understanding of the cellular and molecular control and modulation of LN-LECs may have
therapeutic value in the treatment of cancers.
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