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ABSTRACT
◥

During the growth of various cancers, primary tumors can
escape antitumor immune responses of their host and eventually
disseminate into distant organs. Peritumoral lymphatic vessels
connect the primary tumor to lymph nodes, facilitating tumor
entry into lymph nodes, systemic circulation, and metastasis.
Lymph node metastases that occur frequently provide sites of

tumor cell spread, whereas tumor antigen transfer into and
presentation in tumor-draining lymph nodes induce activation
of tumor-specific T-lymphocyte responses that can result in
cytolytic targeting of the tumor. Here, we discuss the recently
emerged controversial role of the lymphatic vessels in tumor
dissemination and cancer immunotherapy.

A hierarchy of lymphatic vessels that can transport metastatic
cells to blood circulation traverses most tissues of our body. In its
tree-like organization, the lymphatic capillaries at the top receive
tissue fluid and cells, such as dendritic cells. Downstream of the
capillaries, this fluid (now called lymph), and the immune cells, run
into lymphatic collectors, where the surrounding smooth muscle
cells assist flow into a series of lymph nodes. Whereas dendritic cells
migrate into the lymph nodes to present their antigens to T
lymphocytes, thereby launching an adaptive immune response, the
transported lymph is sieved through lymph node marginal sinus
and trabecular conduits to enter efferent lymph vessels wherefrom
lymph enters to blood circulation via the thoracic duct that connects
to the subclavian vein.

Historically, lymphatic vessels have been linked to lymph node
metastasis, tumor dissemination, and poor prognosis of patients with
tumor. Production of lymphangiogenic growth factors, such as
VEGFC, was shown to result in tumor lymphangiogenesis and lym-
phatic metastasis, and ablation of lymphatic vessels or inhibition of
their growth reduced tumor dissemination in immunocompromised
mice (1). More recently, lymph nodes were shown to provide sites of
tumor cell entry into the blood circulation (2, 3).

However, Galon and colleagues drew attention to the finding
that a combination of lymphatic vessels at the tumor margin and
high immunoscore (i.e., the cytotoxic immune signature of the
tumor) correlated with lack of metastases and improved patient
survival in colorectal carcinoma (4). Their contention has gained
credit with recent advances in immunotherapy, which provided a
possibility to ascertain mechanisms of how the lymphatic vessels
in the tumor stroma of immunocompetent mice can promote
antitumor immune responses via augmenting the activation of
cytotoxic T lymphocytes.

Tumor Lymphangiogenesis
Lymphatic networks formed during embryonic and postnatal

development retain the ability to expand when exposed to cytokines
produced by tumor cells or inflammatory cells. The tumorigenic
process affects the tumor-draining lymphatic vessels in several ways,
including lymphangiogenesis and dilation of lymphatic vessels, result-
ing in increased lymph transport, or sometimes by blocking lymph
flow, and directing lymph to collateral pathways of drainage. The
expansion of lymphatic vessels is commonly caused by increased
expression of VEGFC by the tumor-associated leukocytes, especially
by macrophages, or by the tumor cells themselves (1).

In several types of tumors, such as melanomas, lymphangiogenesis
occurs mainly at the tumor margin and, to some extent, in tumor-
draining lymph nodes. Lymphatic vessels at the tumor margin are
capable of transporting immune cells and draining tissue fluid, and
their density correlates with patient survival in colorectal carcino-
ma (4), but they can also mediate lymphatic metastasis. Lymphatic
vessels inside the tumor result from entrapment by the growing tumor
or vessel invasion and they may contain intraluminal tumor cells.
However, the growing primary tumor causes compression of the
intratumoral lymphatic vessels, which leads to compromised flow of
fluid and macromolecules and, thus, increased interstitial fluid pres-
sure in the tumor (5). Thus, it is not yet clear, to what extent tumor cells
or antigen-presenting cells in the intratumoral vessels migrate to the
draining lymph nodes. Furthermore, the growth of tumor metastases
in the lymph nodes may block lymphatic drainage, forcing a switch of
lymphatic flow and metastasis to alternate lymph nodes.

TumorDissemination via the Lymphatic
Vessels

Lymphatic vessel density at the tumor margin and lymph node
metastases, especially in nonsentinel lymph nodes, has been consid-
ered to correlate with poor prognosis of patients with melanoma and
breast, colorectal, and lung cancer. Removal of sentinel lymph nodes
only incrementally improves patient prognosis. It has, thus, been
questioned whether lymph node metastases reflect only the overall
metastatic capability of the primary tumor or whether they present
sites where tumor cells acquire further metastatic capabilities in
immune-evasive conditions for their entry into the systemic circula-
tion. Mouse tumor xenograft models in immunocompromised mice
have indicated that tumor cell–produced lymphangiogenic factors
enhance tumor metastasis, whereas blocking of VEGFC/VEGFR3
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signaling axis attenuates metastasis (1). A recent analysis of clonal
tumor cell lineages in human colorectal cancers indicated that liver and
lymph node metastases were derived from the same tumor cell
subclones in one-third of the cases (6).

Afferent lymphatic vessels lead metastatic tumor cells into the
lymph node subcapsular sinus, from where the tumor cells invade
the lymph node stroma where they can enter the blood circulation via
the high endothelial venules (2, 3). Alternatively, after passage through
a series of lymph nodes, the tumor cells can migrate through the
thoracic duct to enter the subclavian vein and blood circulation to seed
organ metastasis.

Lymphatic Vessels Serve Adaptive
Antitumor Immunity

The involvement of lymphatic vessels in tumor immunity reentered
into focus only recently with the revival of the concept of tumor
immunotherapy. Genetic damage in tumor cells creates tumor anti-
gens, some of which induce antitumor immune responses. Tumor
neoantigens are presented in the lymph nodes by type 1 and type 2
conventional dendritic cells, leading to priming of CD8þ and CD4þ

T cells, respectively, and subsequent T-lymphocyte–mediated immu-
noediting of the tumor. Expansion and activation of type 1 conven-
tional dendritic cells synergizedwith immune checkpoint inhibition by
anti-PD-L1 antibodies in a mouse melanoma model (7, 8). Further-
more, as reported by Galon and colleagues, lack of colorectal tumor
metastases in patients correlated with a high lymphatic vessel density
at the invasive tumor margins and with high CD8þ T-lymphocyte
density in the tumor center (4). Conversely, the absence of lymphatic
vessels was associated with reduced tumor leukocyte infiltration in a
mouse melanoma model (9).

Besides the lymphnodes, the tumor stroma can also provide suitable
conditions for T lymphocyte priming at the primary tumor site.
Chronic local tumor-induced inflammation can lead even to the
formation of tertiary lymphoid organs, which are de novo assemblies
resembling secondary lymphoid organs. Together with the lymphatic
vessels, they modulate tumor microenvironment by expression of
chemokines, such as CCL21, CXCL12, and CCL2, which act as
guidance cues for na€�ve T cells and antigen-presenting dendritic cells.
Tertiary lymphoid organs also act as sites of T- and B-lymphocyte
activation. In several tumor types, they correlate with CD4þ andCD8þ

T-lymphocyte abundancy in tumor stroma and often, but not always, a
favorable patient prognosis. In mouse tumor models, the priming of
na€�ve and stimulation of active CD8þ T lymphocytes in the primary
tumor depends on type 1 conventional dendritic cells, which are
necessary for the cytotoxic activity of adoptively transferred tumor-
targeting T lymphocytes (7).

Even in the presence of functional lymphatic drainage and antitu-
mor T-lymphocyte priming, many tumors remain unresponsive to
checkpoint blockade therapy. This can be due to a range of factors
related to the quality of T-lymphocyte priming in the lymph node and
to local T-lymphocyte suppression in the tumor microenvironment.
These latter factors can include T-lymphocyte exclusion from the
tumor core, downregulation of MHC molecules, prevention of den-
dritic cell maturation, suppression by regulatory T lymphocytes, and
direct inhibition by checkpoint proteins, such as PD-1/PD-L1 (7).

As part of the stroma at tumor margin, lymphatic endothelium can
also suppress antitumor responses, for example, by mechanisms such
as inhibition of dendritic cell maturation via ICAM–MAC-1 interac-
tion or inhibition of T-lymphocyte proliferation via expression of

TGFb, indoleamine-2,3-dioxygenase, or nitric oxide (10). Lymphatic
endothelium may also promote tolerance toward tumor antigens by
cross-presenting endogenous antigens toT lymphocytes in the absence
of costimulatory molecules or by suppressing the effector function of
activated T lymphocytes via their PD-1 checkpoint receptor. Such
mechanisms can result in the suppression of tumor-activated T cells
and their exhaustion (1, 10). Accordingly, the presence of lymphatic
vessels was reported to cause local immune suppression of transferred
cytotoxic T lymphocytes in a mouse melanoma model (9).

Considering the multitude of ways by which lymphatic endothelia
and other tumor-associated cells can promote antigen tolerance, it is
remarkable that anti-CTLA4, by relieving the suppression of T-
lymphocyte priming in the lymph nodes, and anti-PD-1/PD-L1
immunotherapy, by allowing execution of T-lymphocyte function
within tumors, can promote antitumor responses, especially in mel-
anoma (7). For successful checkpoint blockade immunotherapy, it is
important that the lymphatic vessels traffic dendritic cells to the
tumor-draining lymph node for the priming of T lymphocytes.
Well-functioning lymphatic vessels should thus be beneficial especially
in tumors with a high mutational burden, for example, after cytotoxic
therapy, which produces mutations, tumor cell death, inflammation,
and associated lymphangiogenesis, leading to increased antigen expo-
sure to the immune system.

Chemokine Cues for Lymph Node
Homing/Dissemination

Dendritic cell homing to lymph nodes depends on chemokine
receptor 7 (CCR7) and its CCL21 ligand, produced by lymphatic
capillary endothelial cells in various tissues and in the lymph nodes,
expression of the CCL19 ligand is restricted to lymph nodes. Occa-
sionally, tumor cells can acquire CCR7 expression, promoting their
directed migration toward lymphatic vessels and invasion to lymph
node parenchyma. Indeed, CCR7 expression by the tumor cells
correlates with lymph node metastasis of gastric carcinoma, colorectal
carcinoma, and breast cancer (1). Furthermore, VEGFC produced by
tumor cells increases CCL21 expression in nearby lymphatic endo-
thelium (11), promoting a paracrine cross-talk that can foster lymph
node metastasis. Recently, it was shown that the atypical chemokine
receptor, ACKR4, restrains antitumor immunity by decreasing intra-
tumor CCL21. Deletion of ACKR4 in mice resulted in increased
intratumor CCL21, retention of CD103þ dendritic cells, and an
increase in CD8þ T lymphocytes, which inhibited tumor growth (12).

VEGFC Boosts Immunotherapy In
Melanoma and Glioma Isografts

On the basis of the recent findings, it thus seems that boosting
lymphangiogenesis, antigen transport, and lymphatic endothelial
production of CCL21 chemokine by VEGFC treatment should syner-
gize with antitumor immunotherapy. Indeed, VEGFC signaling and
concomitant lymphangiogenesis enhanced the host response to an
antitumor peptide vaccine and anti-PD-1 immunotherapy in a mouse
melanoma model (11). Furthermore, VEGFC–induced lymphangio-
genesis enhanced T-cell priming and prevented, in a synergistic
manner with anti-PD-1 therapy, the growth of brain tumors in
syngeneic mouse models of glioma and melanoma (13). Gliomas,
including their most aggressive form, glioblastoma, are genetically
heterogeneous and less responsive to immunotherapy than many
other cancers. Consistent with this, there is little evidence of
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immunoediting between initial and recurrent gliomas (14). VEGFC
could, thus, be useful in the treatment of gliomas in combination with
cytotoxic or tumor vaccine therapy.

Outlook
Lymphatics play a dual role in tumorigenesis. Whereas invasion

of tumor cells through lymphatic vessels to systemic circulation
leads to metastases, the augmentation of T-cell activation via tumor
antigen transport to lymph nodes is associated with a decreased
metastatic burden and increased patient survival. Thus, boosting of
lymphangiogenesis would be expected to lead to increased metas-
tasis, but also improved priming of tumor-targeting T lymphocytes.
Whether the net effect of tumor lymphatic vessels is metastasis
promoting or boosting of antitumor immunity may depend on
organ-specific differences in the lymphatic system in different
anatomic sites. For example, meningeal lymphatic vessels appear
to be rarely involved in tumor cell dissemination via the lymphatics,
and instead of increasing metastasis, the VEGFC stimulation of
meningeal lymphangiogenesis seems to increase tumor antigen–
mediated priming of T cells during immune checkpoint–targeted
therapy (13).

Further studies should highlight whether lymph nodes occupied by
tumor cells can effectively function in T-lymphocyte priming and
whether, despite lymph node metastases, an intact lymphatic system
should be preserved to facilitate immunotherapy. An important
question is whether the improved immune response dominates upon
eventual combination of lymphangiogenic factors with immune

checkpoint inhibitors in human clinical trials. Because of the complex
interplay between tumor/tumor stroma evolution and antitumor
immunity, the planning of preclinical, and eventually clinical studies,
should include evaluation of tumor location and stage, lymph node
metastasis status, mutation load, immunoscore status, expression of
CCR7 by the tumor cells, and lymphatic vessel density in the tumor
area. Carefully designed studies should indicate whether VEGFC plus
antitumor immunotherapy can be developed into personalized pre-
cision cancer medicine.
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