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Although inflammation and metastasis are two well-known hallmarks of malignant disease, the relationship
between inflammation and lymphatic metastasis is an unexplored research area. We recently elucidated a sophisticated
mechanism by which TNFa-induced tumor inflammation conscripts macrophage-mediated VEGF-C-VEGFR3 signaling in
lymphangiogenesis and metastasis.

Solid tumors are considered to be
inflamed pathological tissues that, as such,
contain exceptionally high numbers of
inflammatory cells including macro-
phages, leukocytes and various immune
cells. While the primary mission of these
inflammatory cells is to eliminate malig-
nant cells, these immune cells are often
manipulated by malignant cells to support
tumor growth, invasion, and metastasis.
Malignant and host cells in the tumor
microenvironment produce various cyto-
kines and growth factors to recruit inflam-
matory cells from the circulation.1

Alternatively, these cytokines and growth
factors could also stimulate migration and
proliferation of resident inflammatory
cells, such as macrophages, in a given tis-
sue to augment infiltration in tumors.
Inflammation and lymphangiogenesis are
cohesively coupled processes simply
because of the lymph node-mediated
immune surveillance to eliminate patho-
gens. The same interaction between
inflammation and lymphangiogenesis
likely also exists in tumor tissues.

In one of our recent studies, we show
that tumor necrosis factor a .TNFa/, a
potent inflammatory cytokine, robustly
affects lymphangiogenesis in an in vivo
mouse model of corneal lymphangiogene-
sis.2,3 Notably, deletion of tumor necrosis
factor receptor 1 (Tnfr1) in mice

completely ablates lymphangiogenesis
indicating the TNFR1-triggered signaling
is essential for TNFa-induced lymphan-
giogenesis. Consistent with its in vivo
effect of lymphangiogenesis, TNFa also
stimulates lymphatic endothelial cell
(LEC) proliferation and migration
through a TNFR1-, but not TNFR2-,
dependent mechanism. These in vitro
studies demonstrate that TNFa is a direct
lymphangiogenic cytokine. Despite these
in vitro and in vivo findings, treatment of
mice with an anti-vascular endothelial
growth factor receptor 3 VEGFR3 neu-
tralizing antibody (VEGFR3 blockade)
completely blocked TNFa-induced lym-
phangiogenesis in the mouse cornea.2

These findings are surprising because
VEGFR3 blockade does not inhibit
TNFa-induced LEC activity in vitro. In-
depth examination of lymphatic vessel
structures show that the VEGFR3 block-
ade-treated TNFa-induced lymphatic ves-
sels lack LEC tips that are extensions of
filopodia of migrating LECs at the leading
edge of lymphatics. These findings suggest
to us that the VEGFR3-mediated signals
are essential for LEC tip cell formation of
growing lymphatics. If so, what are ligands
for VEGFR3 and what are the cellular
sources for these ligands? VEGF-C and
VEGF-D are the 2 known VEGFR3-
binding ligands and therefore are likely to

activate VEGFR3.4 Indeed, the expression
level of VEGF-C in TNFa-stimulated
macrophages is markedly elevated. Simi-
larly, tumor-associated macrophages
(TAMs) isolated from TNFa tumors also
express high levels of VEGF-C. Moreover,
deletion of Tnfr1 in mice completely
ablates upregulation of VEGF-C expres-
sion in TAMs, indicating that the
TNFR1-mediated signaling is essential for
VEGF-C expression in macrophages.

One of the surprising findings in this
study is that inhibition of VEGFR3 sig-
naling pathways by a neutralizing anti-
body blocked tumor lymphatic vessel
development without completely abro-
gating TNFa-induced LEC prolifera-
tion. Consequently, continuous LEC
proliferation without guidance by the
VEGF-C-VEGFR3 signaling leads to
accumulation of LECs that form mush-
room-like shaped primitive lymphatics
that most likely lack drainage functions.
These data show a dual function of
TNFa-TNFR1 signaling in modulating
VEGF-C-VEGFR3-dependent and
-independent lymphangiogenesis.

TNFa is known to stimulate tumor
angiogenesis,5 which is essential for tumor
growth and blood stream metastasis.
However, TNFa in facilitating lymphatic
metastasis remains completely unknown.
Our recent work shows that TNFa-
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induced lymphatics in tumor tissues are
functional and drain tumor cells to senti-
nel lymph nodes. In several mouse tumor
models, we demonstrate TNFa is a potent
causal factor underlying lymphatic meta-
static spread. Consistent with the notion
of TAM-derived VEGF-C, depletion of
macrophages in mice completely inhibits
TNFa-induced lymphangiogensis and
lymphatic metastasis (Fig. 1). Similarly,
deletion of the Tnfr1 gene or treatment
with VEGFR3 blockade in mice also

abrogates TNFa-induced lymphatic
metastasis. These findings suggest that tar-
geting TNFa-TNFR1 signaling is a
potential therapeutic approach for the
treatment of cancer invasion and metasta-
sis. Since the VEGF-C-VEGFR3 signaling
pathway is essential for LEC tip cell for-
mation and for guidance of lymphatic ves-
sel development, inhibition of this
signaling cascade would also block
TNFa-promoted lymphatic metastasis.
This surprising discovery led to an

important question: Would the VEGF-C-
VEGFR3-LEC-tip axis also be required
for lymphatic vessel development in
response to other lymphangiogenic fac-
tors? Another recent study of ours focused
on fibroblast growth factor 2 (FGF-2)-
induced lymphangiogenesis also sup-
ported this conclusion.6 In the FGF-2
study, we provide another example of the
VEGF-C-VEGFR3-dependent lymphan-
giogenesis in collaboration with FGF-2 in
promoting cancer metastasis. If these find-
ings could be further generalized, it would
be reasonable to speculate that targeting of
the VEGF-C-VEGFR3 signaling could,
conceptually, universally block tumor
lymphangiogenesis and metastasis. Unfor-
tunately, several VEGF-C-VEGFR3-inde-
pendent lymphangiogenic factors have
also been described and these signals may
thus be anticipated to induce cancer
metastasis through alternative mecha-
nisms.7-10 Taking into consideration the
complexities of the tumor microenviron-
ment, it is perhaps understandable that
blocking a single signaling pathway is
unlikely to represent an effective therapeu-
tic approach for all cancers.
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