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ABSTRACT
The formation of new lymphatic vessels, or lymphangiogenesis, is a critical step of the tissue repair
program. In pathological conditions involving chronic inflammation or tumorigenesis, this process is
often dysregulated and can contribute to disease progression. Yet, lymphangiogenesis is still incomple-
tely understood. In this study, we identified A2a adenosinergic signaling as an important regulator of
inflammatory and tumor-associated lymphangiogenesis. Using Adora2a (A2a)-deficient mice, we demon-
strated that A2a signaling was involved in the formation of new lymphatic vessels in the context of
peritoneal inflammation. We also demonstrated that tumor-associated and sentinel lymph node lym-
phangiogenesis were impaired in A2a-deficient mice, protecting them from lymph node metastasis.
Notably, A2a signaling in both hematopoietic and non-hematopoietic cells contributed to sentinel
lymph node metastasis. In A2a-deficient tumor-draining lymph nodes, impaired lymphangiogenesis
was associated with a reduced accumulation of B cells and decreased VEGF-C levels. Supporting a role
for non-hematopoietic A2a signaling, we observed that primary murine lymphatic endothelial cells (LEC)
predominantly expressed A2a receptor and that A2a signaling blockade altered LEC capillary tube
formation in vitro. Finally, we observed that Adora2a, Nt5e and Entpd1 gene expression positively
correlated with Lyve1, Pdpn and Vegfc in several human cancers, thereby supporting the notion that
adenosine production and A2a receptor activation might promote lymphangiogenesis in human tumors.

In conclusion, our study highlights a novel pathway regulating lymphangiogenesis and further
supports the use of A2a or adenosine blocking agents to inhibit pathological lymphangiogenesis in
cancers and block the dissemination of tumor cells through the lymphatic system.
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Introduction

The formation of new lymphatic vessels, or lymphangiogen-
esis, is induced during acute and chronic inflammatory epi-
sodes to enhance extracellular fluid drainage and reduce
edema.1,2 Inflammation-induced lymphangiogenesis also
enhances the drainage of immune cells and macromolecules
(including pathogens, cellular debris, immune complexes) to
the draining lymph nodes, favoring the initiation of adaptive
immunity and preventing tissue damage by limiting excessive
immune reaction at the inflammatory site.1,2 While lymphan-
giogenesis is a dynamic physiological process during embry-
ogenesis and childhood, it is most often associated to
pathological conditions in adults.3 Indeed, in adults, lymphan-
giogenesis is mainly restricted to areas subjected to acute or
chronic inflammation, wound healing, tissue remodeling and
tumor growth. Accordingly, lymphangiogenesis has been
associated to the development of various disorders including
obesity, auto-immune disease like arthritis, graft rejection,
tissue fibrosis and tumor metastasis.4

Akin to neoangiogenesis, de novo lymphangiogenesis is
a multistep process involving sprouting, migration, prolifera-
tion and tube formation of pre-existing lymphatic endothelial

cells (LEC).3,5 In addition, myeloid-like lymphatic endothelial
cells (M-LEC), recruited to inflammatory sites, further con-
tribute to lymphatic vessel formation.6–9 M-LEC and progeni-
tors co-express lymphatics markers, such as Lyve1 and
podoplanin, together with myeloid cell markers, including
CD11b and F4/80.7,10 Differentiation of lymphatic-
promoting cells from myeloid precursors is reminiscent of
myeloid-derived blood vascular endothelial progenitors that
contribute to neoangiogenesis.11

From a molecular point of view, the main pathway
involved in the regulation of lymphangiogenesis is the
vascular endothelial growth factor receptor-3 (VEGFR-3)
pathway.5 VEGFR-3 is a tyrosine kinase receptor predo-
minantly expressed by LEC that is activated upon binding
of VEGF-C or VEGF-D, the two main pro-
lymphangiogenenic factors. VEGF-C and VEGF-D are
upregulated in inflammatory microenvironments and pro-
duced by a variety of cells including macrophages, neu-
trophils, B cells and some tumor cells.5,12 Other factors
such as VEGF-A, angiopoietins, b-FGF, HGF, sphingo-
sine-1-phosphate and TNFα, also display pro-
lymphangiogenic properties and participate to embryonic
and inflammatory lymphangiogenesis.1,5,12
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The A2a receptor belongs to the adenosine receptor family
which comprises 3 additional members namely the A1, A3
and A2b receptors.13 Adenosine receptors are G-protein
coupled receptors (GPCRs) with a wide tissue distribution
that participate in numerous physiopathological processes.14

All adenosine receptors are activated locally upon binding
with adenosine, a purine nucleoside with a short half-life.
Adenosine can be released from intracellular pools in the
extracellular medium by specific membrane transporters or
directly produced extracellularly following ATP catabolism by
the concerted action of the ecto-enzymes CD39 and CD73.15

Physiological adenosine concentrations usually range between
10 nM to a few hundred nanomolar but can rapidly increase
to several hundred micromolar following tissue damage or
stress due to hypoxia and inflammation.16 In these situations,
adenosine receptors, and in particular high affinity A2a recep-
tor, have a pivotal tissue-protective function limiting tissue
damage due to excessive immune activation and
inflammation.17,18 Activation of A2a receptors on immune
cells such as neutrophils, T cells, monocytes/macrophages
and dendritic cells strongly inhibits the release of cytotoxic
and pro-inflammatory mediators thereby reducing tissue
injury.19 Moreover, the A2a receptors have been reported to
be involved in tissue repair after injury by promoting critical
steps of the wound healing process including extracellular
matrix remodeling and neoangiogenesis.20,21 Whether A2a
signaling is involved in the regulation of lymphangiogenesis
is currently unknown.

In the current study, we investigated the role of A2a signaling
during inflammation-induced and tumor-associated lymphan-
giogenesis. Using two different models of peritonitis, we com-
pared inflammatory lymphangiogenesis on the diaphragms of
WT andA2a-deficient mice.We also investigated the role of A2a
signaling during tumor-associated lymphangiogenesis and sen-
tinel lymph node metastasis. Our study demonstrated that
inflammatory lymphangiogenesis is significantly suppressed in
A2a-deficient mice. In the context of tumors, deficiency in A2a
signaling altered both tumor-associated and sentinel lymph
node lymphangiogenesis leading to protection against lymphatic
metastasis. Finally, supporting the transposition of our findings
to humans, we observed that Adora2a and ectonucleotidases
gene expression correlated with lymphatic/lymphangiogenesis
markers in multiple human tumors.

Results

A2a-deficient mice display impaired LPS-induced
lymphangiogenesis in the diaphragm

To assess the role of A2a receptor signaling in the for-
mation of new lymphatic vessels during inflammatory
responses, we used two well-described models of perito-
nitis to study lymphangiogenesis in vivo. In the first
model, mice received intraperitoneal injections of LPS,
which induces lymphangiogenesis in the diaphragm.22,23

Seven days after treatment initiation we observed
a significant reduction of lymphatic endothelial cells
(LEC; defined as CD45neg/Lyve1+/CD31low) in the dia-
phragm of A2a-deficient mice compared to WT mice

(Figure 1(a,b)). We also detected a significant decrease
in blood endothelial cells (BEC; defined as CD45neg/
Lyve1neg/CD31hi), consistent with the described role of
A2a in angiogenesis.24,25 The identity of BEC and LEC
populations was further confirmed using additional mar-
kers (Figure S1). Notably, we found no significant differ-
ence in the expression levels of CD31, CD34, podoplanin,
Lyve1 and prox-1 on BEC and LEC (Figure S1). To sup-
port our flow cytometry-based analysis of LEC, we per-
formed quantitative immunofluorescence microscopy
analysis of the lymphatic marker Lyve1 on the dia-
phragms of A2a-deficient or WT mice. As shown in
Figure 1(c,d), we observed a significant decrease in lym-
phatic vessel density (LVD) and complexity (branching)
in LPS-challenged A2a-deficient mice compared to WT
ones.

A2a deficiency blocks IFA-induced lymphangiogenesis
and the development of lymphangioma in the diaphragm

We next tested the role of A2a on lymphangiogenesis using
a second model of peritonitis consisting of intraperitoneal injec-
tions of incomplete Freund’s adjuvant (IFA). In this model, mice
develop begnin lymphangioma on the diaphragm.26 We observed
that A2a-deficient mice developed lymphangiomas that were sig-
nificantly reduced in size compared to WT mice (Figure 2(a,b)).
Whenwe analyzed the frequency of lyve1+ cells in the diaphragms
by flow cytometry, we observed that two populations of could be
identified based on the myeloid marker CD11b: lyve1+/CD11bneg

(LEC) and lyve1+/CD11b+ cells (M-LEC) (Figure 2(f)). The fre-
quency of both LECs and M-LEC were strongly reduced in A2a-
deficient mice compared to WT mice (Figure 2(c,d)). In contrast,
the frequency of lyve1neg/CD11b+ myeloid cells was unchanged
(Figure 2(e)).

Together, our results in two distinct models of peritonitis
demonstrated that A2a receptor signaling is involved in
inflammation-driven lymphangiogenesis and that A2a signal-
ing deficiency impairs the accumulation of both conventional
LEC and myeloid-derived LEC.

Inhibition of inflammatory lymphangiogeneis in the
diaphragm of A2a-deficient mice is associated with
a reduction in tissue-infiltrating myeloid cells

Inflammatory lymphangiogenesis is highly dependent on
the recruitment of myeloid cells, in particular macro-
phages, that secrete large amounts of pro-
lymphangiogeneic factors.22,23,27–29 We thus investigated
the infiltration of myeloid cell subsets in the diaphragm
of WT and A2a-deficient mice challenged with intraper-
itoneal injections of LPS or IFA. As shown in supple-
mental Figure S2A and S2F, we observed a global
decrease in the number of CD11b+ myeloid cells in the
diaphragm of A2a-deficient mice compared to WT mice.
We next phenotyped the myeloid cells infiltrating the
diaphragms to identify (i) CD11b+/F4/80neg/Ly6Gneg/
Ly6C+ inflammatory monocytes, (ii) CD11b+/F4/80+/
Ly6Gneg macrophages, (iii) CD11b+/F4/80neg/Ly6G+/
Ly6C+ neutrophils and (iv) CD11b+/F4/80low/Ly6Gneg/
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Ly6C+/SCChi eosinophils (see supplemental Figure S3 for
the gating strategy and the article of Rose et al.30). In
both LPS and IFA peritonitis models, we found that A2a-
deficient diaphragms were significantly less infiltrated by
inflammatory monocytes, macrophages, neutrophils and
eosinophils than WT diaphragms (Figure S2). The reduc-
tion was particularly pronounced for neutrophils, macro-
phages and inflammatory monocytes indicating a role of
A2a signaling for the accumulation of various myeloid
cells upon LPS and IFA challenge.

Tumor-associated lymphangiogenesis is reduced in
A2a-deficient mice

Lymphangiogenesis occurs in the inflamed tumor microenviron-
ment (TME) and favors metastasis of several types of cancers,
including melanoma.31–33 In view of our above-described results,
we hypothesized that A2a signaling could be involved in tumor-
associated lymphangiogenesis. To test this hypothesis, we used
B16F10 melanoma cells injected in the foot pad in order to
investigate tumor-associated lymphangiogenesis and regional
lymph node metastasis.34–36 B16F10 melanoma cells expressing

the adenosine-generating enzyme CD73 (B16-CD73) were
injected in the foot pad of WT and A2a-deficient mice and, two
weeks later, mice were evaluated for tumor lymphangiogenesis.
Sections of B16-CD73 tumors immunostained with anti-Lyve1
antibody revealed that tumor-associated lymphatic vessel density
(LVD)was significantly reduced inA2aKOmice compared toWT
(Figure 3(a,b)).

In accordance with this observation, we observed
a significant decrease in the frequency of both tumor-
associated LEC (CD45neg/CD31+/Podoplanin+) and M-LEC
(CD11b+/Lyve1+) in A2a-deficient mice compared to WT
mice (Figure 3(c,e)). Most M-LEC present in the B16-CD73
TME co-expressed Lyve1 and F4/80, suggesting a macrophage
origin (Figure S4). A significant reduction in tumor-
associated BEC (CD45neg/CD31+/Podoplaninneg) was also
observed in A2a-deficient mice (Figure 3(d)). These results
thus reveal that tumor-associated lymphangiogenesis is defec-
tive in A2a-deficient mice. In a similar fashion to what we had
observed in the peritonitis models, melanoma tumors
implanted in A2a-deficient animals were also significantly
less infiltrated by CD11b+ myeloid cells (Figure 3(f)), includ-
ing macrophages and inflammatory monocytes (Figure S5).

Figure 1. LPS-induced lymphangiogenesis is impaired in A2a-deficient mice. WT and A2a-deficient mice (6–10 mice per group) were injected with LPS (10 μg, i.p) for
7 days and diaphragms were collected, disaggregated and analyzed by flow cytometry on day 7 to evaluate lymphatic endothelial cells (LEC) infiltration. (A) Absolute
number of CD45neg/Lyve1neg/CD31hi blood endothelial cells (BEC) and CD45neg/Lyve1hi/CD31lo LEC per diaphragm. (B) Representative FACS plots of data are
presented in panel A, gated on CD45-negative cells, showing BEC and LEC populations. (C) Quantitation of Lyve1 whole-mount immunofluorescent staining on
diaphragms of WT and A2aKO mice treated with LPS. The lymphatic vessel density (LVD; normalized to tissue thickness) and the total number of lymphatic vessel
branches are displayed. (D) Representative confocal microscopy of Lyve1 whole mount staining of WT or A2aKO diaphragms (white bar = 200 microns). Means ±
standard errors are shown. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 using a Student t test. Results are representative of 2 independent experiments.
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Tumor-draining lymph node lymphangiogenesis is
impaired in A2a-deficient mice

Tumor-induced sentinel lymph node lymphangiogenesis is
a crucial event for lymph node metastasis and occurs prior to
the establishment of lymphatic metastases.34,37–39 Given that
lymphangiogenesis is altered in the TME of A2a-deficient mice,
we investigated whether A2a-deficient mice had impaired lym-
phangiogenesis in the tumor-draining lymph node. Lyve1
immunostaining of tumor-draining lymph node sections
revealed that A2a-deficient sentinel lymph nodes had decreased
LVD compared to WT counterparts (Figure 4(a,b)). Moreover,
while WT tumor-draining lymph nodes displayed a 2-fold
increase in LVD relative to their contralateral pairs, LVD

remained unchanged in A2a-deficient lymph nodes indicating
an impaired lymphangiogenesis (Figure 4(a)).

Using flow cytometry, we compared the immune and
vascular composition of both sentinel and contralateral
lymph nodes of WT and A2a-deficient mice bearing
B16F10-CD73 foot pad tumors. Two weeks after tumor
inoculation, we observed that the cellular composition of
WT sentinel lymph nodes was drastically modified com-
pared to their contralateral counterparts. We observed an
enrichment in T and B cells (Figure S6A and S6B) and an
accumulation of vascular cells including LEC (Figure 4(c,
d)), reflecting increased lymphangiogenesis in tumor-
draining versus non-draining lymph nodes in WT mice.
In sharp contrast, tumor-draining lymph nodes from A2a-

Figure 2. IFA-induced lymphangiogenesis is altered in A2a-deficient mice. WT and A2a-deficient mice (10 mice per group) were challenge with two i.p injections of
IFA (day 0 and day 10) and sacrificed 10 days after the second injection to evaluate LEC infiltration in diaphragms. (A) Begnin lymphangioma (circled in yellow) on
the diaphragm of WT and A2aKO animals (day 20). (B) Quantitation of lymphangioma weights after dissection. Absolute number of Lyve1+/CD11bneg conventional
LEC (C), CD11b+/Lyve1+ myeloid-like LEC (M-LEC) (D) and lyve1neg/CD11b+ myeloid cells (E) per diaphragm were determined by flow cytometry. (F) Representative
FACS plots illustrating the data obtained in the panels C, D and E are shown (FMO: Fluorescence Minus One). Means ± standard errors are shown. * p < 0.05, **
p < 0.01, *** p < 0.001, **** p < 0.0001 using a Student t test. Results are representative of 2 independent experiments.
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deficient mice displayed limited vascular and immune
remodeling when compared to WT sentinel lymph nodes.
The accumulation of LEC, BEC and B cells in sentinel
lymph nodes (relative to contralateral lymph nodes) was
significantly lower (i.e. reduced by 50%) in A2a-deficient
mice compared to WT mice (Figure 4(c,d), S6A and S6B).
In contrast, the accumulation of myeloid cells and follicular
reticular cells (FRC) was not different (Figure 4(e), S6C and
S6D). Together, these observations indicate that A2a-
deficiency is associated with a general decreased respon-
siveness to tumor-derived signals that normally promote
sentinel lymph node lymphangiogenesis and immune
remodeling.

Tumor-draining lymph node metastasis is reduced in
A2a-deficient mice
We next investigated the role of A2a in lymph node metas-
tasis. For this purpose, we inoculated WT and A2a-
deficient mice with B16-CD73 tumors cells in the foot
pad, and assessed the development of tumor lesions in the
draining lymph node. One month after tumor cell inocula-
tion, primary tumor masses (Figure 5(a)) and animal sur-
vival (Figure 5(b)) were similar in WT and A2a-deficient
mice. Yet, when tumor-draining popliteal lymph nodes
were analyzed, we observed a significant reduction in
lymph node weight (Figure 5(c)) and metastatic tumor
burden (Figure 5(d,e)) in A2a-deficient mice compared to

Figure 3. Tumor-associated lymphangiogenesis is impaired in A2a-deficient mice. (A-B). B16-CD73+ foot pad tumors were collected two weeks after
inoculation and stained for Lyve1 in order to determine the surface of lyve1+ area (or lymphatic vessel density; LVD). (C-F) In another set of experiments,
foot pad tumors were collected two weeks after inoculation, disaggregated to obtain a cell suspension and analyzed by flow cytometry to evaluate the
number of lymphatic endothelial cells and myeloid cells. Absolute numbers of (C) CD45neg/CD31+/Podoplanin+ lymphatic endothelial cells (LEC), (D) CD45neg/
CD31+/Podoplaninneg blood endothelial cells (BEC), (E) CD45+/CD11b+/Lyve1+ myeloid-like lymphatic endothelial cells (M-LEC), (F) total CD11b positive myeloid
cells, are presented. Means ± standard errors are shown. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 using a Student t test. Results are
representative of 2 independent experiments with 5 to 10 mice per group.

ONCOIMMUNOLOGY e1601481-5



WT. Tumor-draining popliteal lymph nodes of WT mice
were more frequently invaded by macroscopic metastatic
lesions compared to A2a-deficient mice (Figure 5(f)). In
fact, 85.7% (18/21) of WT mice developed macroscopic
metastases in popliteal tumor-draining lymph nodes while
only 40% (6/15) of A2a-deficient mice did (Figure 5(d)).

A2a signaling on both hematopoietic and
non-hematopoietic cells favors locoregional metastasis to
tumor-draining lymph node

To better understand the contribution of hematopoietic
versus non-hematopoietic A2a signaling, we performed

bone marrow (BM) transplantations and evaluated tumor-
draining lymph node metastasis of B16F10 melanoma
cells (Figure 6). As expected, A2a-deficient mice trans-
planted with A2a-deficient BM (A2a into A2a) displayed
a significant reduction in sentinel lymph node size and
metastasis incidence compared to WT mice transplanted
with WT BM (WT into WT; Figure 6(a,b)). Most notably,
transplantation of WT BM into A2a-deficient mice (WT
into A2a) or A2a BM into WT mice (A2a into WT) failed
to phenocopy the reduction in lymph node metastasis
observed in A2a-deficient mice (Figure 6). Therefore,
our results indicate that both hematopoietic and non-
hematopoietic A2a signaling promote locoregional senti-
nel lymph node metastasis.

Figure 4. Tumor-draining lymph node vascular and immune cell remodeling is altered in A2a-deficient mice. Two weeks after tumor cell inoculation in the foot pad tumors,
tumor-draining (TdLN) and contralateral (cLN) lymph nodeswere collected and stained for lyve1 to to determine lymphatic vessel density (LVD). (A) LVD ratios between TdLN and
matched cLN were calculated for each WT and A2a-deficient group (10 mice/group; means ± standard errors are shown). (B) Representative lyve1 staining is shown. (C-F) In
another set of experiments, TdLN and cLN were collected two weeks after tumor inoculation, disaggregated to obtain a cell suspension and analyzed by flow cytometry to
evaluate the cellular composition. Fold-increase in cell population is shown for (C) CD45neg/CD31+/Podoplanin+ lymphatic endothelial cells (LEC), (D) CD45neg/CD31+/
Podoplaninneg blood endothelial cells (BEC), (E) CD45neg/CD31neg/Podoplanin+ follicular reticular cells (FRC). (F) Representative FACS plot showing the gating strategy to identify
LEC, BEC and FRC in the CD45-negative population of lymph node cells. Means ± standard errors are shown. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 using a Student
t test. Results of 2 independent experiments with 10 mice per group were pooled.
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A2a-deficient sentinel lymph nodes have reduced
VEGF-C concentrations

The VEGF-C/VEGFR3 pathway is considered as the main
pathway promoting pathological lymphangiogenesis in
tumors and draining lymph nodes.12,33 To investigate
whether A2a signaling modulate tumor-associated lym-
phangiogenesis through the VEGF-C/VEGFR3 pathway,
we analyzed the concentration of VEGF-C in primary
tumors, sentinel lymph nodes and contralateral lymph
nodes collected from WT and A2a-deficent mice. As
shown in Figure 7(a), we observed a significant reduction
in VEGF-C levels in tumor-draining lymph nodes from
A2a-deficient mice (p < 0.001). In contrast, similar lymph
node levels of VEGF-A and VEGF-D were observed, and
similar tumoral levels of VEGF-A, VEGF-C and VEGF-D
were observed between WT and A2a-deficient mice.

Therefore, our data suggest that reduced VEGF-C levels
is associated with A2a-deficiency and could, at least in
part, contribute to the impairment of sentinel lymph node
lymphangiogenenis observed.

Decreased VEGF-C levels in A2a-deficient tumor-draining
lymph nodes are associated with a reduction of B cell
number

In lymph nodes, B cells are critical for the induction of inflamma-
tion-driven lymphangiogenesis, notably through the secretion of
VEGF isoforms.40–42 We observed a concomitant reduction of
VEGF-C levels and B cell frequency in A2a-deficient sentinel
lymph nodes (Figure 8(a,b)). In contrast, macrophages, another
source of VEGF-C, were equally present in both WT and A2a-
deficient lymph nodes (Figure 8(c)). Supporting the notion that

Figure 5. Locoregional metastasis to tumor draining lymph node is reduced in A2a-deficient mice bearing B16-CD73 foot pad tumors. WT and A2a-deficient mice
were injected with 2.5 × 105 B16-CD73+ melanoma cells in the foot pad and euthanized when tumors reach a size of 120 mm2. (A-B) Tumor growth was similar in
WT and A2aKO mice as illustrated by tumor weights at end point and survival. (C-F) Tumor metastasis to the draining popliteal lymph node in WT and A2aKO mice
was compared at end point by measuring (C) lymph node weight, (D) metastatic incidence, (E) GFP fluorescence in homogenized popliteal draining lymph nodes and
(F) by visual inspection. Means ± standard errors are shown. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 using a Student t test (except for D where
a Fisher’s test was used). Results of 3 independent experiments were pooled.
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tumor-draining B cells produce VEGF-C in our model, we
observed co-staining of the B cell marker B220 and VEGF-C in
WT mice (Figure 8(d)). Moreover, BCR stimulation effectively
triggered production of VEGF-C by purified lymph node B cells
(Figure 8(e)). However, A2a-deficiency had no direct impact on
VEGF-C production by activated B cells in vitro (Figure 8(e)).

Blockade of A2a signaling impairs capillary-like tube
formation of primary murine LEC

To better understand the contribution non-hematopoietic A2a-
signaling on lymphangiogenesis, we next investigated the effect of
A2a blockade on LEC function in vitro. Firstly, we observed that
A2a was the predominant adenosine receptor subtype expressed
by murine LEC, which also expressed CD39 and CD73 (Figure
S7). To understand how A2a signaling might regulates LEC func-
tion, we evaluated the formation of capillary-like structures by
primary murine LEC treated with a selective and competitive A2a
antagonist (SCH58261). As shown in Figure 9(a,b), specific block-
ade of A2a significantly impaired LEC tube formation by reducing
capillary thickness and branching, an effect that was partly
reversed by adding exogenous adenosine (which competes with
SCH58635 for A2a binding).

Expression levels of Adora2a, Nt5e and Entpd1
positively correlate with lymphatic markers in multiple
human tumors.

We finally evaluated whether Adora2a gene expression corre-
lated with markers of lymphatic vessels (Lyve1, Pdpn) or
lymphangiogenesis (Vegfc) in various types of human cancer.

As shown in Figure 10, we indeed observed a significant
positive correlated between Adora2a and Lyve1, Pdpn or
Vegfc. Correlations were particularly pronounced and signifi-
cant in melanoma, colorectal cancers and breast cancers.
Interestingly, genes encoding for CD73 (Nt5e) and CD39
(Entpd1) also positively correlated with Lyve1, Pdpn and
Vegfc in multiple tumor types. Together, these data support
the notion that adenosine and A2a-signaling may favor the
formation of lymphatic vessels in human cancers.

Discussion

In this study, we provide conclusive evidence that signaling
through the A2a adenosine receptor promotes lymphangio-
genesis in response to inflammation and cancer, thereby
favoring tumor cell metastasis to lymph nodes. Our findings
support prior work from Lenoir et al.,43 which demonstrated
pro-lymphangiogenenic properties of 2-chloro-adenosine in
Matrigel plug assays.

Using well-established in vivo models of peritonitis, we
observed a significant reduction of lymphatic vessel density
in A2a-deficent mice compared to WT mice. Interestingly,
in the IFA model of peritonitis, we were able to evaluate
the effect of A2a-deficiency on the recruitment of conven-
tional LEC (CD11bneg/Lyve1+) and myeloid-like LEC
(CD11b+/Lyve1+). The recruitment of myeloid-like LEC
was selectively reduced in A2a-deficient mice, suggesting
a role for A2a in the recruitment, survival or differentiation
of these cells. In support of this model, A2a activation has
been shown to promote monocyte/macrophage chemotaxis
and differentiation into an anti-inflammatory M2

Figure 6. A2a signaling on both hematopoietic and non-hematopoietic cells promotes sentinel lymph node metastasis. WT and A2a-deficient mice were lethally
irradiated, adoptively transferred with WT or A2a-deficient bone marrow, and injected 8 weeks later with 2.5 × 105 B16-CD73+ melanoma cells in the foot pad.
Tumor metastasis to the draining popliteal was evaluated 30 days later by measuring (A) popliteal lymph node weights, (B) metastatic incidence and (C) GFP
fluorescence on homogenized tumor-draining lymph nodes. Means ± standard errors are shown. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 using
a Student t test. Results are representative of one experiment with 15-20 mice per group.
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phenotype characterized by the secretion of VEGF.44–46

Whether A2a can promote the acquisition of LEC markers
by macrophage and/or favor their contribution to lympha-
tic vessel formation warrants further investigations. In both
peritonitis models, A2a-deficient mice presented a strong
decrease in myeloid cell subsets known to be important
sources of lymphangiogenic factors including VEGF-C
and VEGF-D.28,29 We postulate that activation of A2a sig-
naling on myeloid cells in the context of inflammation
favor their accumulation, thereby promoting
lymphangiogenesis.

In the second part of our study we investigated the role
A2a signaling in the context of tumor-associated lymphangio-
genesis. We took advantage of a well-established tumor
model, the B16F10 footpad model, that is commonly used to
study tumor lymphangiogenesis and sentinel lymph node
metastasis.34–36 We used B16F10 cells overexpressing CD73
to favor the accumulation of adenosine in the TME and

engage surrounding A2a receptors.47,48 Our results demon-
strated that B16-CD73+ tumors implanted in A2a-deficient
animals had diminished tumor-associated LVD, reduced
numbers of LEC and M-LEC, and showed a decrease in
tumor-infiltrating myeloid cells. Together, our results using
B16-CD73+ tumors are in agreement with those obtained in
the two peritonitis models and further support an important
role for A2a signaling in the accumulation of lymphatic cells
and myeloid cells in the TME.

Recent work indicated that tumor-driven lymphangiogen-
esis not only occurs in the tumor bed but also in tumor
draining lymph nodes and that this event is crucial for lym-
phatic metastasis.34,37–39 We thus compared lymphangiogen-
esis occurring in tumor-draining and contralateral lymph
node of WT and A2a-deficient mice bearing B16-CD73+ foot-
pad tumors. We noted that LEC accumulation and LVD was
significantly reduced in A2a-deficient sentinel lymph nodes
compared to WT ones. Notably, our data further highlighted

Figure 7. VEGF-C levels are reduced in A2a-deficient sentinel lymph nodes.
WT and A2a-deficient mice were injected with 2.5 × 105 B16-CD73+ melanoma cells in the foot pad and two weeks later tumor-draining lymph nodes and
contralateral lymph nodes were collected. Primary tumors and lymph node were homogenized, centrifuged and supernatants were assayed for VEGF levels by ELISA.
(a) Fold-increase in VEGF-A, C and D in tumor-draining lymph nodes (TdLN) over matched contraleral lymph nodes (cLN). (b) Levels of VEGF-A, C and D in tumors.
Means ± standard errors are shown. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 using a Student t test. Results of 2 independent experiments with 10 mice
per group were pooled.
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that A2a-signaling is not only important for local lymphan-
giogenesis, but also for orchestrating a more global lymph
node remodeling in response to a primary tumor.

Notably, deficiency in A2a-signaling conferred a significant
protection against sentinel lymph node metastasis. While the
effect of A2a on immune surveillance against lung metastasis
has been documented,47,48 our study demonstrates for the first
time that A2a signaling is also involved in locoregional metas-
tasis to tumor-draining lymph nodes. Interestingly, we found
that silencing A2a on hematopoietic cells was required but not
sufficient to induce protection against lymphatic metastasis,
indicating that A2a signaling in both hematopoietic and non-
hematopoietic cells promotes lymph node metastasis.

In the tumor-microenvironment, we observed no difference in
VEGF-C or VEGF-D levels betweenWT and A2a-deficient mice.
However, our results indicate that the regulation of sentinel lymph
node lymphangiogenesis by A2a signaling is associated withmod-
ulation of the VEGF-C/VEGFR3 pathway. Interestingly, our data

ruled-out a major contribution for myeloid A2a signaling in the
regulation of sentinel lymph node lymphangiogenesis as no sig-
nificant difference in number of myeloid cells, including macro-
phages, was detected between WT and A2a-deficient mice.
Instead, we found that the number of B cells was significantly
reduced in A2a-deficient tumor-draining lymph nodes.
Immunofluorescence analysis of draining lymph nodes support
the notion that B cells can be an important source of VEGF-C. In
support of this, B cells were previously shown to contribute to
lymph node lymphangiogenesis.34,40–42 In B16F10 models of foot
pad tumors, B cell depletion indeed suppresses sentinel lymph
node lymphangiogenesis.34 In models of infection or immuniza-
tion, lymph node B cells were also shown to secrete VEGF-C and
VEGF-A, promoting lymphangiogenesis to enhance dendritic cell
mobilization.40,41 Interestingly, lack of A2a-signaling on B cells
had no direct impact on their ability to produce VEGF-C, prolif-
erate or survive in vitro following stimulation. In light of our data,
we propose that A2a signaling indirectly promotes the production

Figure 8. The number of VEGF-C secreting B cells is reduced in A2a-deficient sentinel lymph nodes.
WT and A2a-deficient mice were injected with 2.5 × 105 B16-CD73+ melanoma cells in the foot pad. (a) Two weeks later, tumor-draining (TdLN) and contralateral
(cLN) lymph nodes were collected and assayed for VEGF-C levels by ELISA and for flow cytometry for (b) CD45.2+/CD19+ B cells, and (c) CD45.2+/CD11b+/F4/80+

macrophages. (d) Representative section of a WT sentinel lymph node showing B220 and VEGF-C co-staining (scale bar = 20 microns). (e) VEGF-C production by WT
and A2aKO purified lymph node B cells. Means ± standard errors are shown. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 using a Student t test. Results of 2
independent experiments with 10 mice per group were pooled.
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of VEGF-C by tumor-draining lymph node B cells, which in turns
enhances local lymphangiogenesis and favors the development of
lymphatic metastases.

A possible indirect mechanism could be through regulation
of lymphotoxin beta receptor (LTβR)-mediated crosstalk
between FRC and B cells, which has been shown to promote
lymph node B cell production of VEGF-A and VEGF-C.41

Another possibility by which A2a signaling may indirectly
regulate VEGF-C production by B cells may be through
macrophages. Hence, the exact mechanisms by which A2a
signaling on hematopoietic cells promote tumor-associated
lymphangiogenesis and lymph node metastasis remains to be
determined.

With regards to non-hematopoietic cells, we explored the
possibility that A2a signaling on LEC regulates their capacity
to form new lymphatic vessels. We observed that A2a receptor
was predominantly expressed by primary dermal LEC and
that exposure to a selective A2a antagonist impaired their
capacity to form capillary-like structures in vitro. These obser-
vations support for a contribution of LEC-derived A2a signal-
ing to lymphangiogenesis.

Lymphangiogenesis is increasingly recognized as an impor-
tant process favoring the development and the progression of
multiple inflammatory disorders including cancer.33 In various
human tumors, the accumulation of intra or peri-tumoral lym-
phatic vessels has been consistently documented and very often
associated with lymph node metastasis and worse prognosis for
patients.32,49-54Very recently, the contribution of tumor-
associated lymphangiogenesis and lymph node metastasis for
the actual establishment of distant metastasis was distinctly

evidenced in two landmark studies.55,56 Lymphangiogenesis
was also shown to occur in distant organs with established
metastases where it promoted further spread of the tumor
cells to other organs.57 Supporting the clinical relevance of our
findings, we found that expression of Adora2a and adenosine-
generating ectonucleotidases were positively correlated with the
levels of lymphatic or pro-lymphangiogenic markers such as
Lyve1, Pdpn or Vegfc, in several types of human tumors. In this
context, our findings are highly relevant as they identify a novel
pathway that could be targeted to block tumor-associated lym-
phangiogenesis and sentinel lymph node metastasis. With var-
ious A2a receptors antagonists currently under clinical
evaluation for cancer immunotherapy, our results highlight
a new tumor-promoting function of A2a signaling in the TME
and thus further support the development of A2a inhibitors and
adenosine-targeting agents for cancer treatment.

Materials and methods

Mice

A2a-deficient mice on a C57Bl/6N background were obtained
from Dr. JF Chen (Boston, MA) and bred at the CHUM
research center. WT C57Bl/6N mice were purchased from
Charles Rivers. All mice were maintained 5 per cages in
a specific pathogen–free facility with free access to food and
water. Mice used for the experiments were females between 8
to 12 weeks of age. All experiments were conducted with at
least 5 mice per group and were approved by the CHUM
research center Animal Ethics Committee.

Figure 9. A2a blockade impairs the formation of capillary-like structure by primary murine LEC. Primary murine dermal lymphatic endothelial cells were seeded on
Matrigel to evaluate tube formation. In some conditions, cells were treated with 50 µM adenosine (Ado), 10 µM A2a antagonist SCH58261 (SCH) or a combination of
Ado + SCH. In every condition, including control wells (CTRL), 10 µM EHNA was added to block adenosine deaminase activity. (A) After 8 hours, pictures of the
capillaries were taken and analyzed using Zen Blue software. (B) Total network length, number of loops, number of unconnected branches and thickness of branches
were determined. Means ± standard errors are shown. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 using a Student t test. Results are representative of 2
independent experiments.
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LPS and IFA-induced lymphangiogenesis in the
diaphragm

For LPS-induced peritonitis, 10 µg of LPS (from E coli
0111:B4; Sigma-Aldrich) in 50 µl of phosphate buffer saline
(PBS) was daily injected in the peritoneal cavity as pre-
viously described.22,23 After 7 days, mice were sacrificed to
collect diaphragms and evaluate lymphatic vessel formation.
For IFA-induced peritonitis, mice were injected with 200 µl
of a 50:50 v/v emulsion containing PBS and incomplete
Freund’s adjuvant (Sigma Aldrich). A second injection
was performed after 10 days and mice were euthanized
on day 20. IFA injections induced the formation of lym-
phangiomas on the diaphragm and liver as described by
Mancardi et al.26

Detection of lymphatic endothelial cells and myeloid cells
by flow cytometry

Diaphragms of mice treated with LPS or IFA were collected,
finely minced and enzymatically disaggregated in RPMI con-
taining 1 mg/ml of collagenase IV and 20 µg/ml of DNAse
I (enzymes from Worthington Biochemical, Lakewood, NJ).
After 1 hour of incubation at 37°C under agitation, disaggre-
gated diaphragms were passed through a 40 µm cell strainer,
rinsed twice with PBS- 2% FBS and resuspended in 100 µl of
PBS- 2% FBS containing Fc block (BD bioscience). Then,
samples were stained with a cocktail of fluorochrome-
labelled antibodies to detect both lymphatic endothelial cells
and myeloid cells. The following antibodies were used: anti-
Lyve1-efluor660 (clone ALY7) and anti-podoplanin-Alexa488

Figure 10. Expression levels of Adora2a, Nt5e and Entpd1 correlates with markers of lymphatics and lymphangiogenesis in human tumors.
(A-C) Correlation analysis of the indicated genes in the TCGA melanoma dataset. (D-I) Tables summarizing the correlations between the indicated genes for each
type of cancer. The number of patients analyzed in indicated (n). For each gene combination, Spearman correlation coefficients are displayed (*p < 0.01).
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(clone eBio8.1.1) from Ebioscience, anti-CD31-PE (clone
390), anti-CD45.2-BUV747 (clone 104), anti-CD34-BV421
(clone RAM34), anti-CD11b-BUV395 (clone M1/70), anti-Ly
6C-BV711 (clone RB68C5), anti-Ly6G-APC-H7 (clone 1A8)
from BD Bioscience, anti-F4/80-BV605 (clone BM8) and anti-
podoplanin-PE-Cy7 (clone 8.1.1) from Biolegend, anti-prox1
(# ab101851) from Abcam. The same procedure as well as the
same antibody cocktail was used to disaggregate and stain
immune and endothelial cells extracted from lymph nodes
and from B16-CD73 foot pad tumors

Whole mount staining of diaphragms

Diaphragms of WT and A2a-deficient mice challenged with
LPS for 7 days were collected, briefly rinsed in PBS to remove
excess of blood and fixed overnight in 2% PFA at 4°C. The
following day, diaphragms were blocked 1h at room tempera-
ture in a solution of PBS containing 3% BSA and 5% FBS.
Diaphragms were then stained overnight at 4°C with efluor
660-coupled anti-Lyve1 antibody (Ebioscience). The
following day, diaphragms were rinsed twice in PBS and
mounted on microscope slides with Prolong gold
(Thermofisher). Diaphragms were imaged using a confocal
microscope (Leica Microsystems TCS SP5). 5 pictures of
each diaphragm were used for the analysis. Each picture
corresponds to the maximal projection of a 4 × 4 tiling
scanned across a 50 to 100 µm thickness. Determination of
lyve1 positive area was performed on Image J using a script
elaborated by Dr. Nicolas Stifani (University of Montreal).
Results were normalized according to the thickness of each
picture. Branching analysis was also performed on Image
J using the “skeleton” plugin.

Foot pad B16-CD73 melanoma model

WT and A2a-deficient mice were injected in the rear foot pad
with 2.5 × 105 B16F10 cells expressing CD73 and Green
fluorescent protein (previously described47,48 and obtained
from Mark J. Smyth, Australia) diluted in 20 µl of PBS.
Tumor size was evaluated using a digital caliper. Mice were
sacrificed when the tumor size reached 120 mm2. Tumors and
popliteal draining lymph nodes were collected and weighted.
Tumor-draining popliteal lymph node were crushed in 50 µl
of a solution of PBS-tween 80 0.1% containing Halt™ protease
inhibitors (Thermofisher). Then, GFP fluorescence of the
supernatant was measured using a Wallac fluorometer
(Perkin Elmer). In some experiments, mice were euthanized
14 days after tumor cell inoculation to collect tumors and
lymph nodes. In that case, samples were disaggregated and
analyzed by flow cytometry.

Immunofluorescence on fresh-frozen tumors and lymph
nodes

B16-CD73 footpad tumors, tumor-draining popliteal lymph
nodes and contralateral lymph nodes were collected two weeks
after tumor cell inoculation, embedded in OCT (Optimal
Cutting Temperature, Sakura) and flash frozen in liquid nitro-
gen. Using a cryostat, 5-micron sections were cut, fixed 10 min

in ice-cold acetone, blocked 1h with Dako protein block solution
and stained overnight with efluor 660-coupled anti-Lyve1 anti-
body (Ebioscience), Alexa fluor-488-coupled anti-B220 antibody
(Biolegend, clone RA3-6B2) or Alexa fluor-647-coupled anti-
VEGF-C antibody (Santa Cruz, clone E-6). The following day,
slides were rinced, counstained with DAPI and mounted using
Prolong gold (Thermofisher). Slides were then imaged using an
Olympus BX61VS slide scanner. Lyve1 positive areas were deter-
mined using Zen blue software (Zeiss).

Bone marrow transplantation

Eight- to 10-wk-old A2aKO (CD45.1+) or WT B6N (CD45.2+)
or B6N.CD45.1 (CD45.1+) hosts were lethally irradiated
(1100 rad whole body, first day 2 times 350 rad in 4-h interval,
next day 400 rad) as described.58 Hosts were reconstituted
within 24 h of last irradiation by i.v. injection of 5 million
bone marrow donor cells coming from femurs and tibias of
either A2aKO (CD45.2+) or B6.CD45.1 (CD45.1+) mice.
Donor cell engraftment was confirmed by flow cytometry
8 weeks after transplantation.

Lymph node B cell purification

B cells from WT and A2aKO lymph nodes were purified using
a negative selection magnetic mouse B cell purification kit
(Stem Cell) according to the manufacturer’s recommenda-
tions. B cell purity was over 99%. Purified B cells were then
plated in 96-well plates (100 000 cells per well) and stimulated
with 10 μg/ml of anti-mouse IgM Fab’2 (Jackson
Immunoresearch) with 10 ng/ml recombinant mouse IL-4.
Unstimulated wells contained IL-4 only. Supernantants were
collected after 48h and the number of viable cells per well was
determined by flow cytometry.

VEGF ELISA

Supernatant of stimulated B cells were collected, centrifuged
and assayed for VEGF-A, C and D concentrations using
manufacturer’s recommendations of the ELISA kits. VEGF-
A and VEGF-D ELISA kits were purchased for R&D systems.
VEGF-C ELISA kit was purchased from Cusabio. To deter-
mine VEGF isoforms concentration in lymph nodes, the latter
were crushed in 50 µl of a solution of PBS-tween 80 0.1%
containing Halt™ protease inhibitors (Thermofisher) and cen-
trifuge to collect the supernatant.

Capillary-like tube formation in vitro

C57BL/6 mouse primary dermal lymphatic endothelial cells
(#C57-6064L, Cell Biologics, Chicago, IL) were plated in 96
well plates on a matrigel (BD bioscience) layer at a density of
20 000 cells per well and placed in an incubator. In some
wells, cells were treated with 50 µM adenosine and/or 10 µM
of SCH58261 (Tocris Bioscience), a specific A2a inhibitor. In
every condition, 10 µM of the adenosine deaminase inhibitor
EHNA (Tocris Bioscience) was added to increase adenosine
stability. After 8 hours, pictures of the capillary network were
taken and analyzed manually using the Zen Blue software
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(Zeiss). Total network length, number of loops, number of
unconnected branches and thickness of branches were
determined.

Gene expression analysis

The TCGA database was interrogated through the cbioportal
website and correlations of expression (mRNA) between the
targeted genes were evaluated for several cohorts of cancer
patients. All cohorts presented in this analysis are TCGA
provisional cohorts dating from March 2019.

Statistical analysis

Data are shown as means ± SEM. Statistics are calculated
using unpaired Student’s T test or one-way ANOVA with
Bonferroni correction when multiple comparisons were
made. Data were analyzed using GraphPad prism software.
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