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Lymph node metastasis (LNM) of tumors is an established indicator of poor prognosis in
patients. Tumor-associated lymphangiogenesis is a key step in LNM and has gained
much attention. However, currently, there is no anti-tumor lymphangiogenesis drug used
in clinical practice. Recently, studies on extracellular vesicles (EVs) have shown that
different types of cells in the tumor microenvironment can release EVs that encapsulate a
variety of molecules, including proteins, nucleic acids, and metabolites. Lymph endothelial
cells (LECs) regulate tumor lymphangiogenesis through the uptake of EVs packed with
different biologically active contents. In this review, we will discuss the possible
mechanisms by which EVs participate in the regulation of tumor-associated
lymphangiogenesis and LNM, summarize the potential value of EVs that can be used
as biomarkers for the determination of tumor LNM, and indicate the potential anti-tumor
lymphangiogenesis therapy.

Keywords: extracellular vesicles (EVs), exosomes, cancer, lymphangiogenesis, lymph node metastasis (LNM).

BACKGROUND

The spread of cancer cells is the main cause of death in patients with solid tumors (1), such as
melanoma, head and neck squamous cell carcinoma (HNSCC), and colorectal cancer. Lymph nodes
(LNs) are the starting site of cancer cell metastasis from the primary site to distant organs. Studies
have shown that cancer cells may spread to sentinel lymph nodes (SLNs) through lymphatic vessels,
facilitating distant metastasis of cancer cells (2). Thus, regional LNM is of vital significance for
cancer patients, which not only plays a decisive role in the choice of treatment but is also closely
related to the poor prognosis of patients (3). In the last decade, much attention has been paid to the
molecular mechanism of tumor lymphangiogenesis and LNM, because targeting tumor-associated
lymphangiogenesis has been expected to effectively inhibit cancer progression.

Extracellular vesicles (EVs) are nano-sized natural membrane vesicles released by various cell
types, with diameters ranging from 30 to 1,000 nm. They carry a variety of biologically active
substances from parental cells, including proteins, nucleic acids, metabolites, and lipids. EV's play
important roles in cell-to-cell communication by carrying and transmitting different bioactive
molecules, which is particularly important for the formation of cancer metastasis (4, 5). Studies have
shown that tumor cell-derived EVs (TEVs) can transfer proteins and nucleic acids to target cells to
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regulate tumor lymphangiogenesis and lymphatic network
reconstruction, which promote LNM and distant spread of the
tumor (6-8).

LYMPHATIC SYSTEM PROMOTES
TUMOR PROGRESSION

Tumor-induced lymphangiogenesis plays a significant role in
promoting tumor growth and metastasis (2). Tumor-associated
lymphatic vessel density is closely correlated with sentinel LNM,
distant metastasis, and patient survival (9, 10). The lymphatic
system mainly promotes the malignant progression of tumors in
three ways: 1) lymphatic vessels pave ways for local and distant
metastasis of tumor cells; 2) as a regulator of the immune system,
lymphatic vessels transport tumor antigens and immune cells to
induce an anti-tumor immune response; or 3) lymphatic vessels
can provide a suitable niche for cancer stem cells, maintaining
the stemness of stem cell-like tumor cells, and the potential for
tumor recurrence. In melanoma, dendritic cells can deliver
tumor antigens to draining lymph nodes through the
lymphatic vessel, which drives T cell activation (11). Impaired
lymphatic vessels reduce the levels of tumor-associated antigens
in the draining lymph nodes of model mice and inhibit anti-
tumor immunity (12). In addition, LECs can interact with
various immune cells to regulate immune cell activity. By the
above-mentioned means, lymphatic vessels play important roles
in the malignant progression of tumors.

MECHANISM OF LYMPHANGIOGENESIS

Lymphangiogenesis, also known as lymphangiectasia, is a key step
in the metastasis of malignant cells through LNs. This process is
regulated by tumor cells and affected by the cytokines secreted by
stromal cells and infiltrating inflammatory cells in the tumor
microenvironment (TME) (13-16).

Vascular Endothelial Growth Factor
Signaling Pathways

The VEGFC/VEGFD-VEGFR3 axis is the most recognized
pathway among the related signaling pathways that regulate
lymphangiogenesis (15). A large number of studies have
confirmed that the expression levels of VEGFC and VEGFD in
many types of tumor cells are correlated with tumor-associated
lymphangiogenesis, tumor cell invasion into lymphatic vessels,
and LNM (17). The upregulation of VEGFC/D expression can
promote tumor-associated lymphangiogenesis and increase
tumor metastasis to local LNs and distant organs, which can
be inhibited by blocking the binding of VEGFC/D to VEGFR-3
(18-20). In addition to VEGFC/D in the VEGF family, VEGFA
has been found to be involved in tumor lymphangiogenesis. A
study by Hirakawa et al. showed that primary tumors with
VEGFA overexpression induced lymphangiogenesis in SLNs
before metastasis to LNs (21).

Other Signaling Pathways

Increasing evidence has shown that chemokines play important
roles in lymphangiogenesis and LNM, in addition to the VEGF
family. CCL21/CCR7 and CCL19/CCR?7 signaling pathways have
gained the most attention because they mediate the homing of
immune cells to LN (22). VEGFC can upregulate the expression
of CCL21 in lymphatic vessels, driving tumor cells to express
CCR7, and enhance the invasive phenotype of tumor cells (23).
Other chemokine receptors, such as CXCR2, CXCR3, and CXCR4,
have also been shown to contribute to lymphangiogenesis (24-26).
ANG-TIE signaling also plays an indispensable role in lymphatic
maturation and remodeling. ANG1 and ANG2 contribute to
angiogenesis, lymphangiogenesis, and metastasis by binding to
TIE1 and TIE2 on vascular endothelial cells, LECs, and pericytes
(27, 28).

In addition to the above-mentioned pathways and factors,
other factors, such as platelet-derived growth factor-BB, insulin-
like growth factors 1 and 2, fibroblast growth factor,
prostaglandins, hepatocyte growth factor, sphingosine-1-
phosphate, adrenomedullin, and interleukin-7, have also been
suggested to be involved in the regulation of tumor
lymphangiogenesis (17). Tumor lymphangiogenesis is
regulated mainly by the VEGF family and angiopoietins, with
many other factors and chemokines acting indirectly by
regulating VEGF signaling (28).

ROLE OF EVS IN TUMOR
LYMPHANGIOGENESIS

As a natural nanoscale vesicle, EVs can pass through the interstitial
matrix entering the lymphatic circulation (29), which makes EVs
ideal carriers for message transport between the lymphatic system
and tumor cells (30). In addition, due to the unique lipid bilayer
structure of EVs, proteins, nucleic acids, and other molecules
carried by EVs are protected from degradation in the extracellular
environment (29). In 2001, Hood et al. proposed that EV's secreted
by tumor cells can reach SLNs to prepare a pre-metastatic niche for
tumor metastasis (31). Therefore, TEVs may induce tumor
lymphangiogenesis and lymphatic invasion (Figure 1).

EV Characteristics

In the past decade, a booming interest has been paid to EVs in
cancer research, mainly because of the discovery of functional
molecular cargos in EVs that allow them to operate as signaling
platforms for information delivery between cells. As key
messengers in intercellular communication, EVs are involved
in a variety of physiological and pathological processes, including
growth and development, immune regulation, homeostasis of the
internal environment, neurodegenerative diseases, and cancer
(32). In the early 1960s, Bonucci and Anderson found that
chondrocytes can release small vesicles with a diameter of 100
nm (33, 34). At the same time, Wolf demonstrated that platelets
could release small vesicles (called “platelet dust”), which had a
clotting function similar to that of platelets (35). The term
“exosome” was first described in reticulocytes during the
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FIGURE 1 | Tumor-derived EVs regulate tumor lymphangiogenesis and lymphatic metastasis through delivering nucleic acids and proteins.

maturation of erythrocytes by Rose M. Johnstone et al. in the
1980s (36). For a long time, exosomes have been regarded as a
nonfunctional metabolic waste excreted by cells, until Raposo
discovered in 1996 that exosomes derived from B lymphocytes
induce antigen-specific MHC-II-restricted T cell responses,
suggesting an active function of exosomes in antigen
presentation (37). Thereafter, there has been encouraging
progress in exosome research on many aspects of exosome
biology, such as biogenesis and release, morphology, contents,
isolation technique, and functions.

In addition to exosomes, many other EVs have been identified
based on vesicle size, biogenesis, and molecular signature, such as
microvesicles and apoptotic bodies. However, most of the
literature has disregarded the different origins of exosomes,
microvesicles, and other types of nanovesicles, which makes it
impossible to identify which ones actually count. Since consensus
has not yet emerged on specific markers of EV subtypes, such as
endosome-origin “exosomes” and plasma membrane-derived
“exosomes” (microparticles/microvesicles), assigning an EV to a
particular biogenesis pathway remains extraordinarily difficult
(38). Thus, the International Society for Extracellular Vesicles
(ISEV) endorses “extracellular vesicle” as the generic term for
particles naturally released from the cell that are delimited by a
lipid bilayer and cannot replicate (38). In this review, the term
extracellular vesicle (EV) was used generally, and exosomes and
microvesicles were used when necessary or per reference indicated.

EVs carry a large number of bioactive substances, including
proteins, nucleic acids, lipids, and metabolites. The composition

and content of EV cargos depend on the type of parent cell and
vary between different microenvironments in which the parent
cells live. Several databases [i.e., ExoCarta (39), EVpedia (40),
and Vesiclepedia (41)] have been built to provide information
about EV cargo. Tumor cells and stromal cells utilize EVs to
influence the surrounding cells within the microenvironment by
transferring RNA and proteins (42). For example, EV-packed
RNA plays an important role in cell proliferation, drug
resistance, angiogenesis, immunomodulation, and pre-
metastasis niche formation, which contribute to cancer
progression (43). Additionally, TEVs carry a variety of proteins
(i.e., epidermal growth factor receptor variant III, p-
glycoproteins, natural killer group 2D (NKG2D) ligands), and
transfer these components to receptor cells to promote the
propagation of malignancy, drug resistance, and evade anti-
cancer immune responses (43). EV proteins and nucleic acids
have been intensively studied and have been shown to play
important roles in cancer progression. Thus, we will mainly
discuss the role of EV proteins and nucleic acids in tumor
lymphangiogenesis in this mini review. The updates on how
EV metabolites are implicated in cancer progression have been
discussed in a recent review (42).

EVs and Pre-Metastatic Niche

Tumor cell-secreted cytokines, growth factors, and EVs can
reshape the extracellular matrix, regulate and reprogram the
microenvironment of LNs and other distant organs, and provide
a suitable niche for the spread of tumor cells (44-46). TEVs are
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considered to inhibit innate immune responses by mobilizing
bone marrow mesenchymal stem cells and activating tumor-
related macrophages and neutrophils (47). Indeed, TEVs
produced by different tumor cells have varied metastatic
potential and effects on the formation of the pre-metastatic
niche. Michael et&nbsp;al. reported that exosomes secreted by
non-metastatic melanoma cells activate the immune response by
stimulating the expansion of Ly6C'®" patrolling monocytes
(PMo) in the bone marrow, which result in the recruitment of
natural killer cells and TRAIL-dependent killing of tumor cells
(47). The mechanisms and effects of exosomes on tumor
organotropic metastasis are thought to depend on integrin.
Specific exosomal integrins mediate the uptake of exosomes by
resident matrix cells of specific target organs; for example,
exosomal integrins o6PB4 and 6Bl are related to lung
metastasis, while exosomal integrin owf5 is associated with
liver metastasis (48). It has been demonstrated that the
migration inhibitory factor derived from TEVs mediates the
formation of the liver pre-metastatic niche of pancreatic ductal
adenocarcinomas (PDAC). TGFB-promoted fibronectin
deposition and recruitment of bone marrow-derived
macrophages were suggested to contribute to this process (49).
The formation of the pre-metastatic niche increases
angiogenesis and vascular permeability, which contribute to
tumor cell dissemination and colonization of specific organs
(50). Exosomes produced by melanoma can be taken up by lung
endothelial cells, which induce vascular leakage of the pre-
metastatic niche and educate bone marrow progenitor cells via
the MET receptor (51). In melanoma, TEVs have been found to
bind to the subcapsular sinus CD169+ macrophages in the drain
lymph nodes. When the CD169+ macrophage layer is destroyed,
the melanoma exosomes may enter the LN cortex and interact
with B lymphocytes, thereby activating B cell immunity (52).

The Role of EVs in Tumor
Lymphangiogenesis

EV Proteins

As a key component of EV, proteins play an important role in
intercellular communication. Wang et al. found that laminin 332
was significantly upregulated in exocrine bodies isolated from oral
squamous cell carcinoma (OSCC) patients with positive LNM
compared to healthy people and patients without LNM (6).
Laminin 332 knockdown inhibited EV-mediated LEC migration,
lymphangiogenesis, and lymph node drainage in LNI1-1 cells.
After knocking down integrin &alpha;3, the role of laminin y2-
enriched EVs disappeared with lymphangiogenesis, suggesting
that the uptake of EVs by LECs is dependent on integrin (6).
Moreover, increased expression of interferon regulatory factor 2
(IRF-2) was detected in plasma EVs of colorectal cancer patients
with LNM. IRF-2-enriched EVs are ingested by F4/80"
macrophages, inducing the release of VEGFC to promote
sentinel LNM, LEC proliferation, lymphangiogenesis, and
lymphatic network remodeling in LNs (8). Moreover, in a
gastric cancer mouse model, Liu et al. confirmed that CD97-
enriched EVs promoted LNM of cancer cells (53). Additionally,
EVs can promote tumor lymphangiogenesis by intercellularly
transferring important lymphangiogenic factors, VEGFC and

chemokines. For example, loss of dual-specificity phosphatase-2
(DUSP2) in PDAC promotes the production of the mature form
of EV-VEGFC and increases the ability of EVs to carry and
transmit VEGFC to LECs, which leads to tumor
lymphangiogenesis and tumor cell invasion into lymphatic
vessels and promotes early metastasis of pancreatic cancer (54).
The role of VEGFC transport by TEVs in regulating the
lymphangiogenesis ability of LECs has been well-established (55).

Thus, EVs, as key messengers in cell-to-cell communication,
can carry abnormally expressed proteins from parental tumor
cells and deliver these proteins to LECs, thereby regulating tumor
lymphangiogenesis and LNM.

EV Nucleic Acids

The miRNAs and IncRNAs encapsulated in TEVs are recently
discovered mediators of cell crosstalk in the TME (7). Several
IncRNAs and miRNAs have been shown to be involved in the
regulation of lymphangiogenesis and LNM in a variety of cancer
types (56-61). Hepatocellular carcinoma (HCC)-associated long
noncoding RNA (HANR) promotes lymphangiogenesis of HCC
by secreting miR-296-enriched EVs and regulating EAG1/
VEGFA signaling in human skin LECs (62). Bladder cancer
cell-derived EVs can deliver the IncRNA LNMAT2, which
promotes lymphangiogenesis and LNM by recruiting
hnRNPA2BI and increasing the H3K4 trimethylation level in
the prospero homeobox 1 (PROX1) promoter (63). In addition,
miR-221-3p enriched in cervical squamous cell carcinoma
(CSCC)-derived EVs can be transferred to LECs, which
promotes lymphangiogenesis and LNM by inhibiting the
expression of vasohibin-1 (VASH1) (7). Subsequently, Zhou et al.
also demonstrated that miR-142-5p is significantly increased in
CSCC-derived EVs, which leads to the downregulation of
lymphatic AT-rich interactive domain-containing protein 2
(ARID2) expression and decreased recruitment of DNA
methyltransferase 1 (DNMT1) to the interferon-gamma (IFN-y)
promoter. This results in an increase in indoleamine-2Q-3 IFN-y
dioxygenase (IDO) activity in tumor-related lymphatic vessels,
which inhibits the anti-tumor immune therapy response (64). EV
miRNAs not only regulate cancer-related lymphangiogenesis but
also mediate lymphangiogenesis in inflammatory bowel disease. It
has been shown that the EVs secreted by VEGFC-treated adipose
stem cells contain increased levels of miR-132, which, upon
internalization by LECs, promotes the proliferation, migration,
and lymphangiogenesis of LECs by directly targeting Smad-7 and
activating TGF-/Samd signaling (65).

Tremendous progress has been made in research on EV-mediated
crosstalk between cells within the TME in the last decade. However,
the role of EVs in tumor lymphangiogenesis is yet to be clarified. The
EV proteins and miRNAs have been demonstrated to participate in
the process of tumor lymphangiogenesis and LNM in several cancer
types (Table 1). These molecules need to be validated in more cancer
types and under different circumstances. Moreover, much effort is
needed to further clarify the characteristics of EVs that are found to
have lymphangiogenesis function, such as size (e.g., small, medium,
or large), density (e.g., low, middle, or high), biochemical
composition (e.g., VEGFC+ EVs), conditions (e.g., hypoxia), and
cell of origin (e.g., squamous cell carcinoma).
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TABLE 1 | The role of EVs in tumor induced lymphangiogenesis.

Source of EV Type of Cargos by EV Mechanism of EVs cargo in cancer lymphangiogenesis Reference
EV

Colorectal cancer cells Exosome IRF-2 induces VEGFC expression in macrophages 8)

Pancreatic ductal EV VEGF-C DUSP2 downregulation increases the amount and moving ability of EV-carried VEGFC (54)

adenocarcinoma cells

Hepatocellular carcinoma cells ~ Exosome  miR-296 regulates EAG1 expression and VEGF signaling in HDLEC cells. (62)

Gastric cancer cells Exosome CD97 aided by the soluble fraction (53)

Oral squamous cell carcinoma  EV Laminin y2 regulates integrin-a:3-dependent uptake of EV 6)

cells

Various cancer cells EV Podoplanin regulate EVs biogenesis or secretion (66)

Hepatocarcinoma cells Exosome CXCR4 through SDF-10/CXCR4 axis mediated MMP-9, MMP-2 and VEGF-C secretions 67)

Bladder cancer cells Exosome LNMAT2 recruitment of hnRNPA2B1 and increasing the H3K4 trimethylation level in the PROX1 (63)
promoter

Cervical squamouscell cell Exosome miR-142-5p induces IDO expression through ARID2-DNMT1-IFN-v signaling to suppress and (64)

carcinoma exhaust CD8+T cells.

Cervical squamous cell Exosome miR-221-3p regulates miR-221-3p-VASH1 axis (7)

carcinoma

Cervical cancer cells Exosome miR-1468-5p promotes lymphatic PD-L1 upregulation and lymphangiogenesis to impair T cell (68)
immunity

Adipose-Derived Stem cells Exosome miR-132 targets Smad-7 and regulates TGF-B/Smad signaling (65)

Bladder cancer cells Exosome BCYRN1 upregulates WNT5A expression, which activated Wnt/B-catenin signaling to facilitate (69)
the secretion of VEGF-C

Esophageal cancer cells Exosome  ultraconserved targets the EPHA2 of HLECs to activates the P38MAPK/VEGF-C pathway in HLECs (70)

RNA 189

EVS AS BIOMARKER OF CANCER LYMPH
NODE METASTASIS

EVs are widely distributed and can be detected in a variety of body
fluids, including plasma, urine, tears, saliva, and lymphatic fluids.
EV cargos are expected to become important non-invasive
biomarkers for early diagnosis and prognosis evaluation of
cancer, especially circulating EV miRNAs and IncRNAs, because
these molecules can be protected by the lipid bilayer structure from
degradation (29). For example, in patients with OSCC, the levels of
laminin-332 in plasma EVs in patients with LNM were
significantly higher than those in patients without LNM,
indicating that laminin-332 carried by EVs could be used to
detect OSCC lymph node metastasis (6). Moreover, EV
hsa_circRNA_0056616 was detected in lung adenocarcinoma
plasma at significantly higher levels than in the corresponding
control, suggesting that EV hsa_circRNA_0056616 could be used
as a potential tool for predicting LNM of lung adenocarcinoma
(71). In patients with thyroid cancer, plasma EV miR-146b-5p and
miR-222-3p were both significantly upregulated in patients with
LNM (72). In addition, circulating EV PD-L1 and miR-21 are
correlated with LNM in HNSCC (73, 74). However, there are many
issues that need to be addressed before the clinical application of
EVs as cancer biomarkers, for example, the establishment of
efficient, reliable, and robust EV isolation techniques.

ANTI-LYMPHANGIOGENESIS THERAPY

Since lymphangiogenesis is a key step in tumor LNM, targeting
tumor-related lymphangiogenesis is considered an effective
therapeutic strategy to inhibit LNM. Some receptor tyrosine
kinase inhibitors, such as gefitinib, afatinib, and anlotinib, can

target the VEGFC-VEGFR3 signaling pathway, which potentially
inhibits tumor-related lymphangiogenesis, lymphatic metastasis,
and distant organ metastasis (75, 76). However, because these
receptor tyrosine kinase inhibitors target multiple tyrosine kinase
receptors, it is difficult to identify which molecules and pathways
mediate lymphangiogenesis. Since EVs play important roles in
tumorigenesis and progression, targeting EVs is emerging as an
attractive strategy for cancer therapy, which has been tested in
several animal models. For example, engineered exosomes
overexpressing miR-92b-3p have strong anti-angiogenic and
anti-tumor capabilities in ovarian cancer models (77). This
finding provides a new effective strategy for the application of
EVs in anti-angiogenic and antitumor treatments. EVs from
VEGEFC-treated adipose stem cells promoted LEC proliferation,
migration, and tube formation, whereas pretreatment with miR-
132 inhibitor attenuated VEGFC-dependent lymphangiogenic
response (65). Moreover, Wang et al. demonstrated that uptake
of laminin y2-enriched EVs by LECs enhanced in vitro
lymphangiogenesis, and laminin y2 knockdown and
neutralization impaired EV-mediated LEC migration, tube
formation, and uptake by LECs (6). Nevertheless, EV targeting
(on EV molecules, EV production, and EV internalization)
represent a novel means of anti-tumor lymphatic therapy,
which of course needs more efforts to further clarify and validate.

CONCLUDING REMARKS

As an important messenger of intercellular communication, EVs
have been known to mediate tumor progression. When detached
from parent cells, EVs can transmit biological information from
the parent cells to the recipient cells, reprogram the TME, and
mediate tumor progression. Current research on EV-mediated
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tumor lymphangiogenesis have identified a set of EV miRNAs,
IncRNAs, and proteins (both tumor cell-derived and stromal
cell-derived) that can regulate LEC proliferation and function, as
well as tumor lymphangiogenesis and LNM. These initial
findings shed light on developing EV-based cancer biomarkers
for LNM, as well as on the potential therapeutic strategies for
EV-based anti-lymphangiogenesis. Further investigation is
warranted to address the direct regulation by EVs on tumor
lymphangiogenesis and LNM, and to solve key bottlenecks, such
as the standardization of isolation techniques, internal controls,
and clinical-grade production, in EV research.

REFERENCES

1. Mohme M, Riethdorf S, Pantel K. Circulating and Disseminated Tumour
Cells - Mechanisms of Immune Surveillance and Escape. Nat Rev Clin Oncol
(2017) 14(3):155-67. doi: 10.1038/nrclinonc.2016.144

2. Sundar SS, Ganesan TS. Role of Lymphangiogenesis in Cancer. J Clin Oncol
(2007) 25(27):4298-307. doi: 10.1200/JC0O.2006.07.1092

3. Pereira ER, Jones D, Jung K, Padera TP. The Lymph Node Microenvironment
and Its Role in the Progression of Metastatic Cancer. Semin Cell Dev Biol
(2015) 38:98-105. doi: 10.1016/j.semcdb.2015.01.008

4. Becker A, Thakur BK, Weiss JM, Kim HS, Peinado H, Lyden D. Extracellular
Vesicles in Cancer: Cell-To-Cell Mediators of Metastasis. Cancer Cell (2016)
30(6):836-48. doi: 10.1016/j.ccell.2016.10.009

5. Peinado H, Lavotshkin S, Lyden D. The Secreted Factors Responsible for Pre-
Metastatic Niche Formation: Old Sayings and New Thoughts. Semin Cancer
Biol (2011) 21(2):139-46. doi: 10.1016/j.semcancer.2011.01.002

6. Wang SH, Liou GG, Liu SH, Chang JS, Hsiao JR, Yen YC, et al. Laminin 2-
Enriched Extracellular Vesicles of Oral Squamous Cell Carcinoma Cells
Enhance In Vitro Lymphangiogenesis via Integrin 3-Dependent Uptake by
Lymphatic Endothelial Cells. Int ] Cancer (2019) 144(11):2795-810. doi:
10.1002/ijc.32027

7. Zhou CF, Ma J, Huang L, Yi HY, Zhang YM, Wu XG, et al. Cervical
Squamous Cell Carcinoma-Secreted Exosomal miR-221-3p Promotes
Lymphangiogenesis and Lymphatic Metastasis by Targeting VASHI.
Oncogene (2019) 38(8):1256-68. doi: 10.1038/s41388-018-0511-x

8. Sun B, Zhou Y, Fang Y, Li Z, Gu X, Xiang J. Colorectal Cancer Exosomes
Induce Lymphatic Network Remodeling in Lymph Nodes. Int ] Cancer (2019)
145(6):1648-59. doi: 10.1002/ijc.32196

9. Dadras SS, Paul T, Bertoncini J, Brown LF, Muzikansky A, Jackson DG, et al.
Tumor Lymphangiogenesis: A Novel Prognostic Indicator for Cutaneous
Melanoma Metastasis and Survival. Am J Pathol (2003) 162(6):1951-60. doi:
10.1016/S0002-9440(10)64328-3

10. Rinderknecht M, Detmar M. Tumor Lymphangiogenesis and Melanoma
Metastasis. J Cell Physiol (2008) 216(2):347-54. doi: 10.1002/jcp.21494

11. Roberts EW, Broz ML, Binnewies M, Headley MB, Nelson AE, Wolf DM, et al.
Critical Role for CD103(+)/CD141(+) Dendritic Cells Bearing CCR7 for
Tumor Antigen Trafficking and Priming of T Cell Immunity in Melanoma.
Cancer Cell (2016) 30(2):324-36. doi: 10.1016/j.ccell.2016.06.003

12. Kimura T, Sugaya M, Oka T, Blauvelt A, Okochi H, Sato S. Lymphatic
Dysfunction Attenuates Tumor Immunity Through Impaired Antigen
Presentation. Oncotarget (2015) 6(20):18081-93. doi: 10.18632/oncotarget.4018

13. Achen MG, McColl BK, Stacker SA. Focus on Lymphangiogenesis in Tumor
Metastasis. Cancer Cell (2005) 7(2):121-7. doi: 10.1016/j.ccr.2005.01.017

14. Cao Y. Opinion: Emerging Mechanisms of Tumour Lymphangiogenesis and
Lymphatic Metastasis. Nat Rev Cancer (2005) 5(9):735-43. doi: 10.1038/
nrc1693

15. Li S, Li Q. Cancer Stem Cells, Lymphangiogenesis, and Lymphatic Metastasis.
Cancer Lett (2015) 357(2):438-47. doi: 10.1016/j.canlet.2014.12.013

16. Stacker SA, Williams SP, Karnezis T, Shayan R, Fox SB, Achen MG.
Lymphangiogenesis and Lymphatic Vessel Remodelling in Cancer. Nat Rev
Cancer (2014) 14(3):159-72. doi: 10.1038/nrc3677

17. Karaman S, Detmar M. Mechanisms of Lymphatic Metastasis. ] Clin Invest
(2014) 124(3):922-8. doi: 10.1172/JCI71606

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual
contribution to the work, and approved it for publication.

FUNDING

This work was supported by the National Natural Science
Foundation of China (grant No. 81872196, 81672690,
81772900, and 81972541).

18. Skobe M, Hawighorst T, Jackson DG, Prevo R, Janes L, Velasco P, et al.
Induction of Tumor Lymphangiogenesis by VEGF-C Promotes Breast Cancer
Metastasis. Nat Med (2001) 7(2):192-8. doi: 10.1038/84643

19. Karpanen T, Egeblad M, Karkkainen MJ, Kubo H, Yla-Herttuala S, Jaitteld M,
et al. Vascular Endothelial Growth Factor C Promotes Tumor
Lymphangiogenesis and Intralymphatic Tumor Growth. Cancer Res (2001)
61(5):1786-90.

20. Thelen A, Scholz A, Benckert C, von Marschall Z, Schréder M, Wiedenmann
B, et al. VEGE-D Promotes Tumor Growth and Lymphatic Spread in a Mouse
Model of Hepatocellular Carcinoma. Int ] Cancer (2008) 122(11):2471-81.
doi: 10.1002/ijc.23439

21. Hirakawa S, Kodama S, Kunstfeld R, Kajiya K, Brown LF, Detmar M. VEGF-A
Induces Tumor and Sentinel Lymph Node Lymphangiogenesis and Promotes
Lymphatic Metastasis. ] Exp Med (2005) 201(7):1089-99. doi: 10.1084/
jem.20041896

22. Steinman RM, Pack M, Inaba K. Dendritic Cells in the T-Cell Areas of
Lymphoid Organs. Immunol Rev (1997) 156:25-37. doi: 10.1111/j.1600-
065X.1997.tb00956.x

23. Issa A, Le TX, Shoushtari AN, Shields JD, Swartz MA. Vascular Endothelial
Growth Factor-C and C-C Chemokine Receptor 7 in Tumor Cell-Lymphatic
Cross-Talk Promote Invasive Phenotype. Cancer Res (2009) 69(1):349-57.
doi: 10.1158/0008-5472.CAN-08-1875

24. Kawada K, Sonoshita M, Sakashita H, Takabayashi A, Yamaoka Y, Manabe T,
et al. Pivotal Role of CXCR3 in Melanoma Cell Metastasis to Lymph Nodes.
Cancer Res (2004) 64(11):4010-7. doi: 10.1158/0008-5472.CAN-03-1757

25. Miiller A, Homey B, Soto H, Ge N, Catron D, Buchanan ME, et al.
Involvement of Chemokine Receptors in Breast Cancer Metastasis. Nature
(2001) 410(6824):50-6. doi: 10.1038/35065016

26. Kawada K, Hosogi H, Sonoshita M, Sakashita H, Manabe T, Shimahara Y,
et al. Chemokine Receptor CXCR3 Promotes Colon Cancer Metastasis to
Lymph Nodes. Oncogene (2007) 26(32):4679-88. doi: 10.1038/sj.onc.1210267

27. Schlereth SL, Refaian N, Iden S, Cursiefen C, Heindl LM. Impact of the
Prolymphangiogenic Crosstalk in the Tumor Microenvironment on
Lymphatic Cancer Metastasis. BioMed Res Int (2014) 2014:639058. doi:
10.1155/2014/639058

28. Sainz-Jaspeado M, Claesson-Welsh L. Cytokines Regulating Lymphangiogenesis.
Curr Opin Immunol (2018) 53:58-63. doi: 10.1016/j.c0i.2018.04.003

29. Park RJ, Hong YJ, Wu Y, Kim PM, Hong YK. Exosomes as a Communication
Tool Between the Lymphatic System and Bladder Cancer. Int Neurourol J
(2018) 22(3):220-4. doi: 10.5213/inj.1836186.093

30. Xu R, Rai A, Chen M, Suwakulsiri W, Greening DW, Simpson R]J.
Extracellular Vesicles in Cancer - Implications for Future Improvements in
Cancer Care. Nat Rev Clin Oncol (2018) 15(10):617-38. doi: 10.1038/s41571-
018-0036-9

31. Hood JL, San RS, Wickline SA. Exosomes Released by Melanoma Cells
Prepare Sentinel Lymph Nodes for Tumor Metastasis. Cancer Res (2011) 71
(11):3792-801. doi: 10.1158/0008-5472.CAN-10-4455

32. Pegtel DM, Gould SJ. Exosomes. Annu Rev Biochem (2019) 88:487-514. doi:
10.1146/annurev-biochem-013118-111902

33. Bonucci E. Fine Structure of Early Cartilage Calcification. J Ultrastruct Res
(1967) 20(1):33-50. doi: 10.1016/50022-5320(67)80034-0

34. Anderson HC. Vesicles Associated With Calcification in the Matrix of
Epiphyseal Cartilage. J Cell Biol (1969) 41(1):59-72. doi: 10.1083/jcb.41.1.59

Frontiers in Oncology | www.frontiersin.org

September 2021 | Volume 11 | Article 721785


https://doi.org/10.1038/nrclinonc.2016.144
https://doi.org/10.1200/JCO.2006.07.1092
https://doi.org/10.1016/j.semcdb.2015.01.008
https://doi.org/10.1016/j.ccell.2016.10.009
https://doi.org/10.1016/j.semcancer.2011.01.002
https://doi.org/10.1002/ijc.32027
https://doi.org/10.1038/s41388-018-0511-x
https://doi.org/10.1002/ijc.32196
https://doi.org/10.1016/S0002-9440(10)64328-3
https://doi.org/10.1002/jcp.21494
https://doi.org/10.1016/j.ccell.2016.06.003
https://doi.org/10.18632/oncotarget.4018
https://doi.org/10.1016/j.ccr.2005.01.017
https://doi.org/10.1038/nrc1693
https://doi.org/10.1038/nrc1693
https://doi.org/10.1016/j.canlet.2014.12.013
https://doi.org/10.1038/nrc3677
https://doi.org/10.1172/JCI71606
https://doi.org/10.1038/84643
https://doi.org/10.1002/ijc.23439
https://doi.org/10.1084/jem.20041896
https://doi.org/10.1084/jem.20041896
https://doi.org/10.1111/j.1600-065X.1997.tb00956.x
https://doi.org/10.1111/j.1600-065X.1997.tb00956.x
https://doi.org/10.1158/0008-5472.CAN-08-1875
https://doi.org/10.1158/0008-5472.CAN-03-1757
https://doi.org/10.1038/35065016
https://doi.org/10.1038/sj.onc.1210267
https://doi.org/10.1155/2014/639058
https://doi.org/10.1016/j.coi.2018.04.003
https://doi.org/10.5213/inj.1836186.093
https://doi.org/10.1038/s41571-018-0036-9
https://doi.org/10.1038/s41571-018-0036-9
https://doi.org/10.1158/0008-5472.CAN-10-4455
https://doi.org/10.1146/annurev-biochem-013118-111902
https://doi.org/10.1016/S0022-5320(67)80034-0
https://doi.org/10.1083/jcb.41.1.59
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Wang et al.

Extracellular Vesicles Regulate Cancer Lymphangiogenesis

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Wolf P. The Nature and Significance of Platelet Products in Human Plasma.
Br ] Haematol (1967) 13(3):269-88. doi: 10.1111/j.1365-2141.1967.tb08741.x
Pan BT, Johnstone RM. Fate of the Transferrin Receptor During Maturation
of Sheep Reticulocytes In Vitro: Selective Externalization of the Receptor. Cell
(1983) 33(3):967-78. doi: 10.1016/0092-8674(83)90040-5

Raposo G, Nijman HW, Stoorvogel W, Liejendekker R, Harding CV, Melief
CJ, et al. B Lymphocytes Secrete Antigen-Presenting Vesicles. /] Exp Med
(1996) 183(3):1161-72. doi: 10.1084/jem.183.3.1161

Théry C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsitohaina
R, et al. Minimal Information for Studies of Extracellular Vesicles 2018
(MISEV2018): A Position Statement of the International Society for
Extracellular Vesicles and Update of the MISEV2014 Guidelines. J Extracell
Vesicles (2018) 7(1):1535750. doi: 10.1080/20013078.2018.1535750
Keerthikumar S, Chisanga D, Ariyaratne D, Al Saffar H, Anand S, Zhao K,
et al. ExoCarta: A Web-Based Compendium of Exosomal Cargo. ] Mol Biol
(2016) 428(4):688-92. doi: 10.1016/j.jmb.2015.09.019

Kim DK, Lee J, Simpson RJ, Lotvall ], Gho YS. EVpedia: A Community Web
Resource for Prokaryotic and Eukaryotic Extracellular Vesicles Research.
Semin Cell Dev Biol (2015) 40:4-7. doi: 10.1016/j.semcdb.2015.02.005
Pathan M, Fonseka P, Chitti SV, Kang T, Sanwlani R, Van Deun J, et al.
Vesiclepedia 2019: A Compendium of RNA, Proteins, Lipids and Metabolites
in Extracellular Vesicles. Nucleic Acids Res (2019) 47(D1):D516-d9. doi:
10.1093/nar/gky1029

Han L, Lam EW, Sun Y. Extracellular Vesicles in the Tumor
Microenvironment: Old Stories, But New Tales. Mol Cancer (2019) 18
(1):59. doi: 10.1186/s12943-019-0980-8

Fujita Y, Yoshioka Y, Ochiya T. Extracellular Vesicle Transfer of Cancer
Pathogenic Components. Cancer Sci (2016) 107(4):385-90. doi: 10.1111/
cas.12896

Nicolini A, Ferrari P, Biava PM. Exosomes and Cell Communication: From
Tumour-Derived Exosomes and Their Role in Tumour Progression to the Use
of Exosomal Cargo for Cancer Treatment. Cancers (2021) 13(4):822. doi:
10.3390/cancers13040822

Sleeman JP. The Lymph Node Pre-Metastatic Niche. ] Mol Med (Berl) (2015)
93(11):1173-84. doi: 10.1007/s00109-015-1351-6

Wang CA, Tsai S]. Regulation of Lymphangiogenesis by Extracellular Vesicles
in Cancer Metastasis. Exp Biol Med (Maywood NJ) (2021) 15353702211021022.
doi: 10.1177/15353702211021022

Plebanek MP, Angeloni NL, Vinokour E, Li ], Henkin A, Martinez-Marin D,
et al. Pre-Metastatic Cancer Exosomes Induce Immune Surveillance by
Patrolling Monocytes at the Metastatic Niche. Nat Commun (2017) 8
(1):1319. doi: 10.1038/541467-017-01433-3

Hoshino A, Costa-Silva B, Shen TL, Rodrigues G, Hashimoto A, Tesic Mark
M, et al. Tumour Exosome Integrins Determine Organotropic Metastasis.
Nature (2015) 527(7578):329-35. doi: 10.1038/naturel5756

Costa-Silva B, Aiello NM, Ocean AJ, Singh S, Zhang H, Thakur BK, et al.
Pancreatic Cancer Exosomes Initiate Pre-Metastatic Niche Formation in the
Liver. Nat Cell Biol (2015) 17(6):816-26. doi: 10.1038/ncb3169

Li K, Chen Y, Li A, Tan C, Liu X. Exosomes Play Roles in Sequential Processes
of Tumor Metastasis. Int | Cancer (2019) 144(7):1486-95. doi: 10.1002/
ijc.31774

Peinado H, Aleckovic M, Lavotshkin S, Matei I, Costa-Silva B, Moreno-Bueno
G, et al. Melanoma Exosomes Educate Bone Marrow Progenitor Cells Toward
a Pro-Metastatic Phenotype Through MET. Nat Med (2012) 18(6):883-91.
doi: 10.1038/nm.2753

Pucci F, Garris C, Lai CP, Newton A, Pfirschke C, Engblom C, et al. SCS
Macrophages Suppress Melanoma by Restricting Tumor-Derived Vesicle-B
Cell Interactions. Sci (New York NY) (2016) 352(6282):242-6. doi: 10.1126/
science.aaf1328

Liu D, Li C, Trojanowicz B, Li X, Shi D, Zhan C, et al. CD97 Promotion of
Gastric Carcinoma Lymphatic Metastasis Is Exosome Dependent. Gastric
Cancer (2016) 19(3):754-66. doi: 10.1007/s10120-015-0523-y

Wang CA, Chang IH, Hou PC, Tai Y], Li WN, Hsu PL, et al. DUSP2 Regulates
Extracellular Vesicle-VEGF-C Secretion and Pancreatic Cancer Early
Dissemination. | Extracell Vesicles (2020) 9(1):1746529. doi: 10.1080/
20013078.2020.1746529

Li WN, Hsiao KY, Wang CA, Chang N, Hsu PL, Sun CH, et al. Extracellular
Vesicle-Associated VEGF-C Promotes Lymphangiogenesis and Immune Cells

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Infiltration in Endometriosis. Proc Natl Acad Sci USA (2020) 117(41):25859—
68. doi: 10.1073/pnas.1920037117

He W, Zhong G, Jiang N, Wang B, Fan X, Chen C, et al. Long Noncoding
RNA BLACAT2 Promotes Bladder Cancer-Associated Lymphangiogenesis
and Lymphatic Metastasis. ] Clin Invest (2018) 128(2):861-75. doi: 10.1172/
JCI96218

Sun Z, Ou C, Ren W, Xie X, Li X, Li G. Downregulation of Long non-Coding
RNA ANRIL Suppresses Lymphangiogenesis and Lymphatic Metastasis in
Colorectal Cancer. Oncotarget (2016) 7(30):47536-55. doi: 10.18632/
oncotarget.9868

Chen C, He W, Huang J, Wang B, Li H, Cai Q, et al. LNMAT1 Promotes
Lymphatic Metastasis of Bladder Cancer via CCL2 Dependent Macrophage
Recruitment. Nat Commun (2018) 9(1):3826. doi: 10.1038/s41467-018-
06152-x

Keklikoglou I, Hosaka K, Bender C, Bott A, Koerner C, Mitra D, et al.
MicroRNA-206 Functions as a Pleiotropic Modulator of Cell Proliferation,
Invasion and Lymphangiogenesis in Pancreatic Adenocarcinoma by Targeting
ANXA2 and KRAS Genes. Oncogene (2015) 34(37):4867-78. doi: 10.1038/
onc.2014.408

Lin CY, Wang SW, Chen YL, Chou WY, Lin TY, Chen WG, et al. Brain-Derived
Neurotrophic Factor Promotes VEGF-C-Dependent Lymphangiogenesis by
Suppressing miR-624-3p in Human Chondrosarcoma Cells. Cell Death Dis
(2017) 8(8):€2964. doi: 10.1038/cddis.2017.354

Xu Q, Tong JL, Zhang CP, Xiao Q, Lin XL, Xiao XY. miR-27a Induced by
Colon Cancer Cells in HLECs Promotes Lymphangiogenesis by Targeting
SMAD4. PLoS One (2017) 12(10):e0186718. doi: 10.1371/journal.pone.
0186718

Shi Y, Yang X, Xue X, Sun D, Cai P, Song Q, et al. HANR Promotes
Lymphangiogenesis of Hepatocellular Carcinoma via Secreting miR-296
Exosome and Regulating EAG1/VEGFA Signaling in HDLEC Cells. J Cell
Biochem (2019) 120(10):17699-708. doi: 10.1002/jcb.29036

Chen C, Luo Y, He W, Zhao Y, Kong Y, Liu H, et al. Exosomal Long
Noncoding RNA LNMAT2 Promotes Lymphatic Metastasis in Bladder
Cancer. J Clin Invest (2020) 130(1):404-21. doi: 10.1172/JCI130892

Zhou C, Zhang Y, Yan R, Huang L, Mellor AL, Yang Y, et al. Exosome-
Derived miR-142-5p Remodels Lymphatic Vessels and Induces IDO to
Promote Immune Privilege in the Tumour Microenvironment. Cell Death
Differ (2021) 28(2):715-29. doi: 10.1038/s41418-020-00618-6

Wang X, Wang H, Cao J, Ye C. Exosomes From Adipose-Derived Stem Cells
Promotes VEGF-C-Dependent Lymphangiogenesis by Regulating miRNA-
132/TGF-Beta Pathway. Cell Physiol Biochem (2018) 49(1):160-71. doi:
10.1159/000492851

Carrasco-Ramirez P, Greening DW, Andres G, Gopal SK, Martin-Villar E,
Renart J, et al. Podoplanin is a Component of Extracellular Vesicles That
Reprograms Cell-Derived Exosomal Proteins and Modulates Lymphatic
Vessel Formation. Oncotarget (2016) 7(13):16070-89. doi: 10.18632/
oncotarget.7445

Li M, Lu Y, Xu Y, Wang J, Zhang C, Du Y, et al. Horizontal Transfer of
Exosomal CXCR4 Promotes Murine Hepatocarcinoma Cell Migration,
Invasion and Lymphangiogenesis. Gene (2018) 676:101-9. doi: 10.1016/
j.gene.2018.07.018

Zhou C, Wei W, Ma J, Yang Y, Liang L, Zhang Y, et al. Cancer-Secreted
Exosomal miR-1468-5p Promotes Tumor Immune Escape via the
Immunosuppressive Reprogramming of Lymphatic Vessels. Mol Ther
(2021) 29(4):1512-28. doi: 10.1016/j.ymthe.2020.12.034

Zheng H, Chen C, Luo Y, Yu M, He W, An M, et al. Tumor-Derived Exosomal
BCYRN1 Activates WNT5A/VEGE-C/VEGFR3 Feedforward Loop to Drive
Lymphatic Metastasis of Bladder Cancer. Clin Trans Med (2021) 11(7):e497.
doi: 10.1002/ctm2 497

Ding Z, Yan Y, Guo YL, Wang C. Esophageal Carcinoma Cell-Excreted
Exosomal Uc.189 Promotes Lymphatic Metastasis. Aging (2021) 13
(10):13846-58. doi: 10.18632/aging.202979

He F, Zhong X, Lin Z, Lin J, Qiu M, Li X, et al. Plasma Exo-
Hsa_circRNA_0056616: A Potential Biomarker for Lymph Node Metastasis
in Lung Adenocarcinoma. J Cancer (2020) 11(14):4037-46. doi: 10.7150/
jca.30360

Jiang K, Li G, Chen W, Song L, Wei T, Li Z, et al. Plasma Exosomal miR-146b-
5p and miR-222-3p are Potential Biomarkers for Lymph Node Metastasis in

Frontiers in Oncology | www.frontiersin.org

September 2021 | Volume 11 | Article 721785


https://doi.org/10.1111/j.1365-2141.1967.tb08741.x
https://doi.org/10.1016/0092-8674(83)90040-5
https://doi.org/10.1084/jem.183.3.1161
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1016/j.jmb.2015.09.019
https://doi.org/10.1016/j.semcdb.2015.02.005
https://doi.org/10.1093/nar/gky1029
https://doi.org/10.1186/s12943-019-0980-8
https://doi.org/10.1111/cas.12896
https://doi.org/10.1111/cas.12896
https://doi.org/10.3390/cancers13040822
https://doi.org/10.1007/s00109-015-1351-6
https://doi.org/10.1177/15353702211021022
https://doi.org/10.1038/s41467-017-01433-3
https://doi.org/10.1038/nature15756
https://doi.org/10.1038/ncb3169
https://doi.org/10.1002/ijc.31774
https://doi.org/10.1002/ijc.31774
https://doi.org/10.1038/nm.2753
https://doi.org/10.1126/science.aaf1328
https://doi.org/10.1126/science.aaf1328
https://doi.org/10.1007/s10120-015-0523-y
https://doi.org/10.1080/20013078.2020.1746529
https://doi.org/10.1080/20013078.2020.1746529
https://doi.org/10.1073/pnas.1920037117
https://doi.org/10.1172/JCI96218
https://doi.org/10.1172/JCI96218
https://doi.org/10.18632/oncotarget.9868
https://doi.org/10.18632/oncotarget.9868
https://doi.org/10.1038/s41467-018-06152-x
https://doi.org/10.1038/s41467-018-06152-x
https://doi.org/10.1038/onc.2014.408
https://doi.org/10.1038/onc.2014.408
https://doi.org/10.1038/cddis.2017.354
https://doi.org/10.1371/journal.pone.0186718
https://doi.org/10.1371/journal.pone.0186718
https://doi.org/10.1002/jcb.29036
https://doi.org/10.1172/JCI130892
https://doi.org/10.1038/s41418-020-00618-6
https://doi.org/10.1159/000492851
https://doi.org/10.18632/oncotarget.7445
https://doi.org/10.18632/oncotarget.7445
https://doi.org/10.1016/j.gene.2018.07.018
https://doi.org/10.1016/j.gene.2018.07.018
https://doi.org/10.1016/j.ymthe.2020.12.034
https://doi.org/10.1002/ctm2 .497
https://doi.org/10.18632/aging.202979
https://doi.org/10.7150/jca.30360
https://doi.org/10.7150/jca.30360
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Wang et al.

Extracellular Vesicles Regulate Cancer Lymphangiogenesis

73.

74.

75.

76.

77.

Papillary Thyroid Carcinomas. Onco Targets Ther (2020) 13:1311-9. doi:
10.2147/OTT.S231361

Li L, Li C, Wang S, Wang Z, Jiang ], Wang W, et al. Exosomes Derived From
Hypoxic Oral Squamous Cell Carcinoma Cells Deliver miR-21 to Normoxic
Cells to Elicit a Prometastatic Phenotype. Cancer Res (2016) 76(7):1770-80.
doi: 10.1158/0008-5472.CAN-15-1625

Theodoraki MN, Yerneni SS, Hoffmann TK, Gooding WE, Whiteside TL.
Clinical Significance of PD-L1(+) Exosomes in Plasma of Head and Neck
Cancer Patients. Clin Cancer Res (2018) 24(4):896-905. doi: 10.1158/1078-
0432.CCR-17-2664

Qin T, Liu Z, Wang J, Xia J, Liu S, Jia Y, et al. Anlotinib Suppresses
Lymphangiogenesis and Lymphatic Metastasis in Lung Adenocarcinoma
Through a Process Potentially Involving VEGFR-3 Signaling. Cancer Biol
Med (2020) 17(3):753-67. doi: 10.20892/j.issn.2095-3941.2020.0024

Zhang Y, Yang X, Liu H, Cai M, Shentu Y. Inhibition of Tumor
Lymphangiogenesis Is an Important Part That EGFR-TKIs Play in the
Treatment of NSCLC. ] Cancer (2020) 11(1):241-50. doi: 10.7150/jca.35448
Wang J, Wang C, Li Y, Li M, Zhu T, Shen Z, et al. Potential of Peptide-
Engineered Exosomes With Overexpressed miR-92b-3p in Anti-Angiogenic

Therapy of Ovarian Cancer. Clin Trans Med (2021) 11(5):e425. doi: 10.1002/
ctm2.425

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Wang, Li and Zhu. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

September 2021 | Volume 11 | Article 721785


https://doi.org/10.2147/OTT.S231361
https://doi.org/10.1158/0008-5472.CAN-15-1625
https://doi.org/10.1158/1078-0432.CCR-17-2664
https://doi.org/10.1158/1078-0432.CCR-17-2664
https://doi.org/10.20892/j.issn.2095-3941.2020.0024
https://doi.org/10.7150/jca.35448
https://doi.org/10.1002/ctm2.425
https://doi.org/10.1002/ctm2.425
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Role of Extracellular Vesicles on Cancer Lymphangiogenesis and Lymph Node Metastasis
	Background
	Lymphatic System Promotes Tumor Progression
	Mechanism of Lymphangiogenesis
	Vascular Endothelial Growth Factor Signaling Pathways
	Other Signaling Pathways

	Role of EVs in Tumor Lymphangiogenesis
	EV Characteristics
	EVs and Pre-Metastatic Niche
	The Role of EVs in Tumor Lymphangiogenesis
	EV Proteins
	EV Nucleic Acids


	EVs as Biomarker of Cancer Lymph Node Metastasis
	Anti-Lymphangiogenesis Therapy
	Concluding Remarks
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


