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Abstract

Colorectal cancer is a major cause of cancer-related death in
Western countries and is associated with increased numbers of
lymphatic vessels (LV) and tumor-associated macrophages
(TAM). The VEGFC/VEGFR3 pathway is regarded as the prin-
cipal inducer of lymphangiogenesis and it contributes to
metastases; however, no data are available regarding its role
during primary colorectal cancer development. We found that
both VEGFC and VEGFR3 were upregulated in human non-
metastatic colorectal cancer, with VEGFR3 expressed on both
LVs and TAMs. With the use of three different preclinical
models of colorectal cancer, we also discovered that the

VEGFC/VEGFR3 axis can shape both lymphatic endothelial
cells and TAMs to synergistically inhibit antitumor immunity
and promote primary colorectal cancer growth. Therefore,
VEGFR3-directed therapy could be envisioned for the treat-
ment of nonmetastatic colorectal cancer.

Significance: The prolymphangiogenic factor VEGFC is
abundant in colorectal cancer and activates VEGFR3 present
on cancer-associated macrophages and lymphatic vessels;
activation of VEGFR3 signaling fosters cancer immune escape,
resulting in enhanced tumor growth.

Introduction
Colorectal cancer is one of the major causes of cancer-related

mortality in the Western countries. Standard treatments for colo-

rectal cancer comprise surgery, chemotherapy, and targeted ther-
apy, however with limited efficacy (1). In addition to poor
treatment availability, approximately 40% of the surgically cured
patients will experience cancer recurrence within 5 years. The
tumor microenvironment is a complex network of cells and
molecules that evolves with and provides support for cancer
development and transition to malignancy. In the tumor context,
immune surveillance may be inhibited during cancer develop-
ment by the release of cytokines, chemokines, and growth factors,
which all together can induce immune tolerance. Developing
tumors require increasing amounts of nutrients and oxygen; in
fact, both blood and lymphatic networks expand, undergoing
angiogenesis and lymphangiogenesis, respectively. We have
recently demonstrated that active lymphangiogenesis takes place
in colorectal cancer and mediates its metastatic process (2). The
expansion of lymphatic vessels (LV) can be induced in response to
the activation of the VEGF receptor 3 (VEGFR3) by its ligandVEGF
C (VEGFC), which is abundant in advanced stages of colorectal
cancer (2). In fact, the VEGFC/VEGFR3 pathway is considered as
the main inducer of lymphatic endothelial cell proliferation,
migration, and survival, which in adulthood takes place during
inflammation, tissue repair, and cancer (3). However, lymphatic
endothelial cells (LEC) have recently been proposed to modulate
the antitumoral adaptive immune response (4–6), suggesting a
new role for LVs in antitumor immunity. More in detail, LVs
were shown to upregulate the programmed cell death ligand-1
(PD-L1), an immune checkpoint protein, both at the primary
tumor site (4) and in draining lymph nodes (5), ultimately
triggering T-cell exhaustion.
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In addition to LVs, immune cells are also profoundly changed
during cancer development (6). Among leukocytes, macrophages
are highly recruited at the tumor site and remain present at all
stages of cancer progression (7). Tumor-associated macrophages
(TAM) can exert immunosuppressive activity through the expres-
sion of a wide range of molecules, such as inducible nitric oxide
(iNOS), arginase-1, IDO and IL10 (8–11), or by blocking T-cell
proliferation and cytotoxic activity. VEGFR3 was found to be
expressed by a substantial fraction of peripheral bloodmonocytes
and activated tissue macrophages (12–14). Importantly, macro-
phages can directly respond to the VEGFC/VEGFR3 pathway,
acquiring a hybrid phenotype that expresses both classically
activated (M1) and alternatively activated (M2) molecules (12)
and closely resembles TAM features (11). So far, the role of the
VEGFC/VEGFR3 pathway in tumors has mainly been associated
with the metastatic process; only few studies, which reported
controversial results, have shown a contribution of VEGFR3
signaling in primary tumor formation and growth (5, 13, 15, 16).
Here, we investigated for the first time the involvement of the
VEGFC/VEGFR3 pathway in colorectal cancer development and
growth, focusing on the characterization of both tumor-
associated LVs and TAMs and how these cell types respond to
VEGFR3 signaling, influencing antitumor immunity.

Materials and Methods
Tumor models

Sporadic colon cancer was induced by a single intraperito-
neal injection of azoxymethane (AOM, 10 mg/kg, Sigma-
Aldrich) in 7-week-old C57BL/6 female mice and kept on
regular water for 7 days. After 7 days, mice were subjected to
four oral cycles of 2.5% DSS (molecular mass, 40 kDa, MP
Biomedicals), each characterized by 5 days of DSS exposure in
drinking water ad libitum. The DSS cycles were interspersed
with 1 week of normal drinking water. Mice were sacrificed
after 50 days from the first DSS exposure. Colitis severity was
scored using a disease activity index (DAI) score based on daily
evaluation of body weight, diarrhea, and presence of blood in
stools (12). Scoring of tumor development was based on tumor
size and the number of tumors, as described previously (17).
Grading of intestinal inflammation and mucosal lesions (glan-
dular intraepithelial neoplasia and low-grade and high-grade
adenomas) were evaluated histologically in a blinded fashion
by an experienced pathologist.

Eight-week-old male BALB/c immunocompetent or female
C57BCL6 mice were anesthetized with 100 mg/kg ketamine and
50 mg/kg xylazine. With the use of a 29-gauge syringe, 4 � 105

CT26 cells or 2� 105MC38 cells were injected submucosally into
the distal posterior rectum in a final volume of 50 mL, as described
previously (2). Tumor growth was visually monitored daily.
Before being sacrificed mice bearing mCherry CT26–positive
tumorswere anesthetizedwith 100mg/kgketamine and50mg/kg
xylazine and fluorescent imaging was performed using a Caliper
Xenogen IVIS Spectrum (Caliper Life Sciences). After animals'
sacrifice, tumors were measured by a digital caliper measuring
tumor length, width, and height andwereweighted using a digital
scale. Procedures involving mice conformed to institutional
guidelines in agreement with national and international law
and were approved by the ethics committee of the Humanitas
Research Hospital with the project number 13/2013 approved
by the Ministry of Health.

Macrophage depletion
Mice were given BLZ945 (Sellekchem, S7725) formulated in

4%DMSOþ 30% PEG 300 (Sigma)þ ddH20 at a concentration
of 2.5mg/mL.Mice received 200mgBLZ945per kgof bodyweight
or vehicle [4%DMSOþ 30%PEG 300 (Sigma)þ ddH20] by oral
gavage once daily starting 5 days before tumor cells injection and
throughout the experiment.

Vaccination studies
Mice were immunized via the intrarectal route using a

disposable feeding needle as described previously with slight
modifications (18). Briefly, mice were anesthetized with
ketamine/xylazine on days�14, �7, and þ7 from the date of
tumor cells injection and were given a rectal infusion of
100 mg of OVA (Sigma Aldrich) and 10 mg of LPS (Sigma
Aldrich) in a final volume of 50 mL (18). As controls, mice
were administered with LPS alone.

Quantification and statistical analysis
Statistical analyses were performed using GraphPad Prism 7

(GraphPad Software). Data were presented as means � SD or �
SEM and differences were considered statistically significant
when P < 0.05. More in details, for experiments where there are
only two groups a t test was applied, for experiments including
more groups and/or more time points an ANOVA multivariate
analysis was performed accompanied by a post hoc modification
test as described in Figure legends.

Results
The VEGFC/VEGFR3 pathway is upregulated in colorectal
cancer and positively correlates with LV and macrophage
density

To investigate the involvement of the VEGFC/VEGFR3 path-
way in colorectal cancer onset, we took advantage of the Gene
Expression Across Normal and Tumor tissue (GENT) database
(http://medicalgenome.kribb.re.kr/GENT/search/search.php).
Gene expression profiles of more than 200 patients with non-
metastatic colorectal cancer were analyzed for the expression
of both VEGFC and VEGFR3 as a function of the tumor stage.
As shown in Fig. 1A and B, both VEGFC and VEGFR3 were
upregulated in mucosal extracts of patients with colorectal
cancer, when compared with healthy control tissues, while
the other lymphangiogenic growth factor VEGFD showed
levels comparable with healthy colon tissue (Supplementary
Fig. S1A). This was confirmed at the protein level on tumoral
and healthy mucosal biopsies (Fig. 1C and D; Supplementary
Fig. S1B), indicating that the VEGFC/VEGFR3 pathway is upre-
gulated already at early stages of colorectal cancer progression.

Considering VEGFR3 signaling as the major inducer of lym-
phangiogenesis, we quantified the number of LVs in human
nonmetastatic colorectal cancer and healthy tissues by IHC
staining for the LV marker podoplanin. LVs were significantly
increased in tumor tissues, in comparison with healthy counter-
parts (Fig. 1E); moreover, we confirmed not only the presence
of VEGFR3 on human LVs (Fig. 1F) but also its significant
overexpression on colorectal cancer–associated LECs in com-
parison with LECs from healthy tissues (Fig. 1G and H). As
expected, the percentage of VEGFR3þ LECs from healthy and
colorectal cancer tissues was comparable (Fig. 1I), because
most of LECs express VEGFR3.

VEGFR3 Signaling in Colorectal Cancer Growth
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Figure 1.

The VEGFC/VEGFR3 pathway is upregulated in nonmetastatic colorectal cancer. A and B, The gene expression of VEGFC (A) and VEGFR3 (B) of
patients with colorectal cancer annotated in the GENT database expressed as absolute expression number and plotted according to tumor stage as
median values with interquartile range (box) and range (whiskers; NL, n ¼ 308; T1N0M0, n ¼ 36; T2N0M0, n ¼ 91; T3N0M0 n ¼ 131). C and D, Western
blot analysis for VEGFC (C) and VEGFR3 (D) in nonmetastatic colorectal cancer patient biopsies (NL, n ¼ 12; T1-T2N0M0, n ¼ 6; T3N0M0, n ¼ 6).
E, Immunostaining for Pdpn of healthy (NL, n ¼ 10) and nonmetastatic (NM-, n ¼ 12) colorectal cancer tissues (left) and relative quantification of
Pdpnþ LVs/field (right). (Continued on the following page.)
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Because we previously demonstrated that VEGFC is chemo-
tactic for macrophages (12), we quantified TAM density in
human healthy mucosa and nonmetastatic colorectal cancer
tissues by IHC staining for the macrophage marker CD68.
Results showed that, besides LVs, also macrophages were sig-
nificantly increased in cancer tissues compared with healthy
controls (Fig. 1J). Beside, similar to LVs, we found VEGFR3 to
be expressed on human colorectal cancer–associated macro-
phages (Fig. 1K) and to be significantly increased in intensity
and number on sorted TAM in comparison with macrophages
from healthy colons (Fig. 1L–N), confirming a putative role
for this receptor during colorectal cancer growth also in this
cell type. Notably, as for human colorectal cancer, also in the
azoxymethane (AOM) dextran sulphate sodium salt (DSS)
nonmetastatic mouse model of colorectal cancer, Vegfc and
Vegfr3 levels were upregulated (Supplementary Fig. S1C)
and both LV (Supplementary Fig. S1D) and TAM density
(Supplementary Fig. S1E) were significantly increased in the
colon of tumor-bearing mice.

Notably, we confirmed not only the presence of VEGFR3 on
murine colorectal cancer–associated LVs and TAMs (Supplemen-
tary Fig. S1F–S1H), but also its upregulation by FACS in both
murine LECs (Supplementary Fig. S1I) andTAMs (Supplementary
Fig. S1J). Because VEGFR3 could also be expressed by blood
vessels during tumor angiogenesis we analyzed by FACS the
expression of VEGFR3 on CD31þPdpn� cells. Blood endothelial
cells were found negative for VEGFR3 both in human (Supple-
mentary Fig. S1K) and mouse tissues (Supplementary Fig. S1L).
Collectively, these data demonstrate that the VEGFC/VEGFR3
pathway is upregulated inbothhumanandmurinenonmetastatic
colorectal cancer and that this positively correlates with active
lymphangiogenesis and TAM abundance.

Manipulation of the VEGFC/VEGFR3 pathway affects tumor
growth in experimental colorectal cancer

The elevated levels of both VEGFC and VEGFR3 in nonmeta-
static colorectal cancer (see Fig. 1), led us to hypothesize that these
molecules might be involved in colorectal cancer development
already at early stages. To investigate this hypothesis, we studied
tumor response to systemic administration of VEGFC or to
VEGFR3 blockade in the AOMþDSS mouse model of colorectal
cancer. AOMþDSS–treatedmicewere administeredwith either an
adenovirus overexpressing human VEGFC (AdVEGFC), or a
VEGFR3-blocking antibody (mF431C1), while control mice
received empty adenoviruses (AdGFP) or isotype-matched IgGs,
according to the scheme in Supplementary Fig. S2A. VEGFC
presence and VEGFR3 blockade were confirmed by Western blot
at different time points (Supplementary Fig. S2B). Because
DSS induces colon inflammation, clinical parameters of colitis

were evaluated during the entire experiment, whereas tumor
growth was quantified by colonoscopy at the termination end
point. VEGFC-administered mice displayed increased tumor
density (Fig. 2A and B) and size (Fig. 2A and C), while VEGFR3
blockade significantly reduced tumor number and growth com-
pared with controls (Fig. 2A–C). Notably, neither systemic deliv-
ery of VEGFC nor VEGFR3 inhibition influenced inflammation
during the entire experiment, in terms of DAI (Supplementary
Fig. S2C, left), bodyweight loss (Supplementary Fig. S2C, right),
and histologic inflammatory score (Supplementary Fig. S2D),
suggesting that differences in tumor development and growth
were not due to colitis. Surprisingly, histologic features of tu-
moral lesions defined as carcinomas, high-grade adenomas,
low-grade adenomas, and gastrointestinal intraepithelial neo-
plasia, were not significantly different, indicating that tumor
grading was not related to VEGFC/VEGFR3 pathway modula-
tion (Supplementary Fig. S2E). To understand whether the
effects of VEGFC were mediated exclusively by VEGFR3, we
combined AdVEGFC delivery with mF431C1 treatment. Results
confirmed that VEGFC acts exclusively through VEGFR3 (Sup-
plementary Fig. S2F). In fact, mice treated with both mF431C1
and AdVEGFC (AdVEGFCþmF431C1) or adenoviral control
(AdGFPþmF431C1) had similar tumor numbers and size,
which were significantly reduced compared with AdGFPþIgG
control group (Supplementary Fig. S2F). We next evaluated the
tumor response to systemic administration of VEGFC or to
VEGFR3 blockade in a second experimental model of colorectal
cancer. CT26 colorectal cancer cells were orthotopically injected
in the rectal mucosa of syngeneic immunocompetent animals
according to the scheme in Fig. 2D. As for the AOMþDSSmodel,
human VEGFC was enriched in the colon of AdVEGFC-treated
mice (Supplementary Fig. S2G, left), while VEGFR3 activation
was blocked bymF431C1 (Supplementary Fig. S2G, right). Mice
treated with VEGFC showed enhanced tumor growth, while
VEGFR3 blockade resulted in reduced tumor size (Fig. 2E;
Supplementary Fig. S2H and S2I); as in the spontaneous model
of colorectal cancer, VEGFC significantly induced tumor growth
in a VEGFR3-dependent manner (Supplementary Fig. S2J),
confirming the VEGFC/VEGFR3 pathway as an active promoter
of colorectal cancer development, independently of experimen-
tal intestinal inflammation.

The VEGFC/VEGFR3 pathway induces lymphangiogenesis
and macrophage recruitment in experimental models of
colorectal cancer

Given thewell-established role of the VEGFC/VEGFR3pathway
as an inducer of LV sprouting and dilation, we evaluated the effect
of its manipulation in AOMþDSS–treated mice by IHC staining
for LYVE-1. Results showed that while systemic blocking of

(Continued.) F, Representative immunofluorescence images of cross-sections from human nonmetastatic colorectal cancer (n ¼ 5) stained for
VEGFR3 (green), Pdpn (red), and DAPI (blue). G–I, FACS staining for VEGFR3 on cells isolated from human healthy and colorectal cancer colon
tissues (n ¼ 5); VEGFR3þ cells were gated on living, CD45�, CD31þPdpnþ cells. VEGFR3 mean fluorescent intensity (MFI; G) was quantified in
H, whereas the percentage of VEGFR3þ cells is shown in I. J, Immunostaining for CD68 of healthy (NL, n ¼ 10) and nonmetastatic (NM-, n ¼ 12)
colorectal cancer tissues (left) and relative quantification of CD68þ cells/field (right). K, Representative immunofluorescence images of cross-sections
from human nonmetastatic human colorectal cancer (n ¼ 5) stained for VEGFR3 (red), CD68 (green), and DAPI (blue). L–N, FACS staining for
VEGFR3 on cells isolated from human healthy and colorectal cancer colon tissues (n ¼ 5); VEGFR3þ cells were gated on living, CD45þ,
CD16þCD14þCD11bþ cells. VEGFR3 intensity (L) in the different groups was quantified in M and the percentage of VEGFR3þ cells is shown in
N. All data are expressed as mean � SD. Statistical significance was determined by one-way ANOVA test with Bonferroni correction for multiple
comparisons (A–D), unpaired Student t test (E, H, I, J, M, and N). Asterisks indicate statistical significance. � , P < 0.05 ;�� , P < 0.01; ���, P < 0.001.
Scale bars, 100 mm (E and J) and 50 mm (F and K).
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VEGFR3 significantly reduced LV density in tumoral and peritu-
moral regions, lymphangiogenesis was enhanced by VEGFC
administration (Fig. 2F andG). To quantify LV size, we performed
whole-mount stainings for LYVE-1 and the pan-endothelialmark-
er CD31 on colons of tumor-bearing mice after different treat-
ments (Supplementary Fig. S3A). Results showed that while
systemic delivery of VEGFC increased vessel dimension, treatment
with mF431C1 significantly reduced LV diameters in the colon
(Supplementary Fig. S3B). Furthermore, neither systemic inhibi-
tion of VEGFR3 nor delivery of VEGFC affected the number of
CD31þ LYVE-1- blood vessels in the colon of AOMþDSS–treated
mice (Supplementary Fig. S3C and S3D), confirming that this

pathway had no influence on angiogenesis in experimental colo-
rectal cancer.

We next assessed TAM abundance in tumoral areas of
AOMþDSS–treated (Fig. 2H and I) and in CT26 tumor–
bearingmice (Supplementary Fig. S3E). Animals receiving VEGFC
displayed increased TAM density in both tumor models; on the
contrary, treatment with mF431C1 resulted in significantly
reduced CD68þ cells/field, compared with controls (Fig. 2I;
Supplementary Fig. S3E). Importantly, we found VEGFR3þ TAMs
to be significantly enriched in VEGFC-treated mice, and reduced
upon VEGFR3 blockade (Supplementary Fig. S3F). As revealed
by IHC staining, VEGFR3þ cells localizing at the tumor site were

Figure. 2.

Themodulation of the VEGFC/
VEGFR3 pathway affects
experimental colorectal cancer
development.A–C,Mice subjected
to AOMþDSS treatment were
injected with AdVEGFC, or anti-
VEGFR3 antibody (mF431C1), with
control mice receiving empty
adenoviruses (AdGFP) or isotype-
matched IgGs. Representative
endoscopic images showing mouse
polyps at day 50 are shown inA.
Tumor density (B) and size (C)
assessed within the first 4 cm of
colon from rectum to the proximal
part at day 50 by endoscopic
scoring (n� 5 mice/group for two
independent experiments). D,
Schematic experimental
representation of CT26 orthotopic
colorectal cancer model with
relative treatments. E,mCherry-
positive CT26 colorectal cancer
tumor–bearing mice treated with
AdVEGFC or mF431C1.
Representative IVIS in vivo imaging
pictures. Mice not injected with
CT26 tumor cells (no CT26) were
used as negative control.
Immunostaining for LYVE-1 and
CD68 of colon tissues from
AOMþDSS mice with the indicated
treatments (F and H) and relative
quantification of LYVE-1–positive
vessels (G) and CD68þ cells (I) per
field (n¼ 5 mice/group, with 5
fields for two independent
experiments). Scale bar, 100 mm (F)
and 50 mm (H). In F, black
arrowheads indicate LYVE-1–
positive LVs. All data are expressed
as mean values� SD. Statistical
significance was determined by
one-way ANOVA test with Dunnett
correction for multiple
comparisons. Asterisks indicate
statistical significance.
� , P < 0.05; �� , P < 0.01;
��� , P < 0.001.
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more abundant in VEGFC-treated animals (Supplementary
Fig. S3G), but diminished in number in mice receiving
mF431C1. Altogether, these findings highlight the involvement
of VEGRF3 signaling not only in tumor lymphangiogenesis but
also in the accumulation of TAMs.

VEGFR3 blockade enhances the efficacy of vaccine-induced
antitumor immunity in experimental colorectal cancer

To address the potential roles of the VEGFC/VEGFR3 pathway
in modulating host antitumor immunity, we evaluated T-cell
density in the colon of AOMþDSS–treated mice, by IHC staining
forCD3.Mice receivingVEGFChad fewer peritumoralCD3þ cells,
whereas animals treated with mF431C1 displayed more T lym-
phocytes per area, compared with controls (Fig. 3A and B).

To corroborate our hypothesis that VEGFR3 signaling could
shape adaptive immune response, we stably overexpressed, by
lentiviral infection, chicken ovalbumin (OVA) peptide in CT26
andMC38 adenocarcinoma cells. OVA-expressing colorectal can-
cer cells were next injected in the rectal mucosa of syngeneic
immunocompetent mice. To test whether VEGFR3 signaling
modulates preexisting antigen-specific immunity, VEGFC- and
mF431C1-treatedmicewere vaccinatedwithOVA starting 14days
prior to tumor implantation and lipopolysaccharide (LPS) was
used as a vaccination adjuvant (Fig. 3C). As expected, the vacci-
nation strongly inhibited the growth of OVA-CT26 tumors
(Fig. 3D). However, VEGFC administration completely abolished
the effects ofOVAvaccinationon tumor growth (Fig. 3D); in sharp
contrast, VEGFR3 inhibition in vaccinated mice resulted in mas-
sive reduction of tumor size, which was significantly smaller than
in control vaccinated mice (Fig. 3D). To clarify whether systemic
or local administration of VEGFCwas required for suppression of
the adaptive immune response, we injected OVA-overexpressing
cells into the rectalmucosa of C57/Blc6mice (Supplementary Fig.
S4A). MC38 cells expressed and produced high levels of VEGFC
(Supplementary Fig. S4B and S4C); however, as for CT26, MC38
did not express VEGFR3 or VEGFR2 (Supplementary Fig. S4B),
indicating that these tumor cell lines cannot be directly influenced
by mF431C1. Similar to AdVEGFC-administered mice, OVA-
immunized or na€�ve mice transplanted with OVA-
overexpressing MC38 cells showed comparable tumor growth
(Fig. 3E–G). The inefficacy of vaccine-induced immunity was
abolished by VEGFR3 blockade; in fact, mice treated with
mF431C1, were more susceptible to OVA vaccination, in com-
parison with vaccinated animals treated with control IgGs
(Fig. 3E–G). As a confirmation, vaccinatedmice showed increased
infiltration in the tumor of OVA (pentamer)-specific CD8þ T cells
upon VEGFR3 blockade (Supplementary Fig. S4D). Importantly,
VEGFR3 inhibition reduced tumoral LV (Supplementary Fig. S4E
and S4F) and TAM density (Supplementary Fig. S4E and S4G),
while no effects were observed on blood vessels (Supplementary
Fig. S4E and S4H). These findings indicate that also local VEGFC/
VEGFR3 can induce antigen-specific immunotolerance, thus dem-
onstrating a direct effect of the pathway on colorectal cancer
immune-escape. We next asked if besides differences in T-cell
abundance, their maturation and activation were also affected by
VEGFR3 signaling (Supplementary Fig. S5A). Surprisingly,
besides differences in the number of total CD8 (Fig. 3H) and
CD4 (Supplementary Fig. S5B) T cells, we could not detect any
difference between the groups in the percentages of CD69-acti-
vated, central memory, effector, or na€�ve T cells (Fig 3H; Supple-
mentary Fig. S5A and S5B) and CD4 T regulatory cells (Supple-

mentary Fig. S5A and S5C). Altogether, these data suggest that the
VEGFC/VEGFR3 pathway can influence antitumor immunity by
inhibiting T-cell proliferation rather than T-cell maturation.

Activation of VEGFR3 signaling induces macrophage
polarization into immunosuppressive cells

Having confirmed that TAM abundance was affected by the
VEGFC/VEGFR3 signaling, we next asked whether this pathway
was also able to control macrophage activation and polarization
in experimental colorectal cancer. To understand how theVEGFC/
VEGFR3 pathway shapes nonmetastatic colorectal cancer–
associated macrophages to promote cancer immune escape, we
studied the effects of VEGFR3 blockade on the transcriptome of
TAMs by RNA sequencing (RNA-seq) analysis. For this purpose,
we used FACS sorting to isolate LECs and TAMs from MC38
orthotopic tumors treated with mF431C1 or control IgG (Sup-
plementary Fig. S6A). The analysis of cell type–specific genes
confirmed the purity of TAMs (Fig. 4A). RNA-seq analysis
revealed that gene expression of TAMs is affected by mF431C1,
as evidenced by MA plots (Fig. 4B). To confirm the reliability of
RNA-seq data, we selected 2 TAM-associated genes upregulated
in mF431C1-treated mice, namely BMP4 and TANK (Fig. 4C),
and verified their protein expression in the AOMþDSS model
under the same treatments. Both BMP4 and TANK were found
significantly increased by FACS analysis in mF431C1-treated
animals also in this experimental setting (Fig. 4D; Supplementary
Fig. S6B). Functional annotation of the differentially modulated
biological processes by gene set enrichment analysis (GSEA)
showed that VEGFR3 inhibition strongly affected TAM biological
functions (Fig. 4E). In fact, TAMs isolated frommF431C1-treated
animals displayed differential expression of genes involved in
antigen processing and presentation on MHCI, innate immune
response, T-cell migration and response to IL6, and a significant
downregulation of genes belonging to pathways related to cell
migration, cell–cell adhesion, Toll-like receptor 4, and nitric
oxide–mediated signal transduction (Fig. 4E). Accordingly, this
pathway was also able to control macrophage activation and
polarization in the colon of AOMþDSS–treated mice. Results
showed that VEGFC administration significantly upregulated
arginase, CCL2, iNOS, and FIZZ (Fig. 4F), which are known to
be expressed by protumorigenic M2-like TAMs (19). On the
contrary, VEGFR3 blockade resulted in a significant increase of
inflammatory mediators, such as IL1b, TNFa, and CXCL10
(Fig. 4F), associated to the M1-like TAM phenotype (19). Other
cytokines associated with macrophage polarization, such as
IL12B, CXCL9, IL4, IL23, CCL22, and IL10, were not different-
ially expressed upon administration of VEGFC or mF431C1
(Supplementary Fig. S6C). This cytokine expression profile asso-
ciated to TAMs was confirmed also in murine macrophages
sorted from MC38 tumors (Supplementary Fig. S6D). Because
we previously demonstrated that VEGFR3 signaling drives
macrophage polarization toward a M2-like phenotype (12),
and that this macrophage subpopulation is known to induce
immunosuppression in cancer (19), we next verified whether
the VEGFC/VEGFR3 pathway could be responsible for macro-
phage conversion into immunosuppressive cells. For this
purpose, bone marrow–derived macrophages (BMDM) were
stimulated in vitro with VEGFC- and/or SAR131675- (SAR), a
VEGFR3 tyrosine kinase inhibitor, and then cocultured with
splenocytes, previously labeled with CFSE (Fig. 4G). LPSþIFNg-
and IL4-stimulated BMDMs were used as controls of the
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Figure 3.

Systemic and local VEGFC induce immunosuppression in experimental colorectal cancer.A and B, Representative IHC images of colonic sections from
AOMþDSSmice with the indicated treatments, stained for CD3 (A), and relative quantification (B; n� 4/group of two independent experiments). Scale bar,
50 mm. C,OVA vaccination scheme with LPS adjuvant, AdVEGFC/AdGFP, andmF431C1/IgG in CT26 orthotopic colorectal cancer model. D, Tumor volume
quantification of mice orthotopically injected in the rectal mucosa with OVA-overexpressing CT26 cells with the indicated treatments at day 12 (n¼ 5/group of
two independent experiments). Representative pictures of MC38 tumor–bearing mice with the indicated treatments at day 14 (E), and relative measurement of
tumor volume (F) and weight (G; n¼ 8/group representative of two independent experiments). H, FACS analysis of CD8 T-cell subpopulations in the CT26
tumor-bearing mice at the indicated treatments and is displayed as percentage of all CD45þ cells or CD8 T cells. All data are expressed as mean values� SD.
Statistical significance was determined by one-way ANOVA test with Dunnett (B and H) or Tukey (D, F, and G) correction for multiple comparisons. Asterisks
indicate statistical significance. � , P < 0.05;�� , P < 0.01; ��� , P < 0.001.
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Figure 4.

The VEGFC/VEGFR3 pathway affects macrophage immune tolerance.A–C, RNA-seq analysis of TAMs sorted fromMC38 tumors treated with mF431C1 or with
IgG control. A, Display RNA-seq analysis of gene transcripts of interest in TAMs and LECs (n¼ 4). B,MA plots of differentially expressed genes identified in TAMs
upon VEGFR3 inhibition. Data represent individual gene responses plotted as log2-fold change (FC) versus log2 (Base Mean). Red dots, genes differentially
regulated with P < 0.05. C, BMP4 and TANK gene expression in TAMs sorted as described inA. D, FACS analysis of BMP4 and TANKmean fluorescence intensity
in macrophages from AOMþDSS–treated mice administered with mF431C1 and IgG control (n� 4). E, Biological processes analysis of all differentially expressed
genes in MC38 tumor–derived TAMs. F, Colonic expression of macrophage-associated genes examined by qPCR at the indicated treatments (n� 4). G,
Schematic representation of T-cell proliferation assay after coculture with BMDMs. H and I, BMDMs, polarized with IFNgþLPS, IL4, VEGFC, SAR, VEGFCþSAR, or
medium alone (control), were cocultured with CFSE-labeled splenocytes in the presence of CD3/CD28 coating. After 72 hours, CFSE fluorescence was assessed
by FACS on CD8þ-gated cells. Representative histograms of CD8þ T with percentages of gated cells (H) and quantification of CD8þ T-cell proliferation
expressed as percentage of inhibition versus control (I; pooled data from three independent experiments, n¼ 3/group). All data are expressed as mean values�
SEM. Statistical significance was determined by one-way ANOVA test with Dunnett (B) correction for multiple comparisons and by unpaired Student t test (C, F,
and I). Asterisks indicate statistical significance. � , P < 0.05; �� , P < 0.01.
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M1/immunostimulatory or M2/immunosuppressive pheno-
type, respectively. After 72 hours of coculture, T-cell proliferation
was evaluated gating live cells on CD8� and CD4þ sub popula-
tions. As expected, pretreatment of BMDMs with LPS and
IFNg significantly increased both CD8þ and CD4þ T cells' pro-
liferation, by comparison with unstimulated BMDMs (Fig. 4H
and I; Supplementary Fig. S6E and S6F). VEGFC-stimulated
macrophages were found to suppress both CD8þ (Fig. 4H and
I) and CD4þ (Supplementary Fig. S6E and S6F) T cells' prolifer-
ation, in comparison with unstimulated BMDMs; these immu-
nosuppressive effects were abolished by VEGFR3 inhibition,
indicating that VEGFC-induced VEGFR3 signaling directly med-
iates the suppressive ability of macrophages in vitro. Importantly,
treatment with SAR alone induced proliferation of both T-cell
subpopulations, indicating that inhibition of VEGFR3 per se
is sufficient to induce an immune-active phenotype.

Lymphatic vessels and TAMs synergistically cooperate to induce
colorectal cancer growth upon VEGFR3 activation

Besides TAMs, also LVs are known to shape antitumor
immunity (4–6, 16), therefore we investigated whether VEGFR3
signaling could help inducing an immune-tolerant cancer envi-
ronment taking advantage of RNA-seq. Similarly to TAMs, LECs
isolated from mF431C1- and IgG-treated tumors showed high
purity for specificmarkers (Fig. 5A).Moreover, LECs derived from
mF431C1-treated tumors displayed upregulation of 301 genes
and downregulation of 140 genes in comparison with IgG con-
trols (Fig. 5B), with an enrichment in processes related to inflam-
mation, lymphocyte chemotaxis, response to ILs and IL6 secre-
tion, and a downregulation in pathways associated with adaptive
immunity (Fig. 5C). As for TAMs, we selected 2 LEC-expressing
genes upregulated by mF431C1, namely TICAM1 and PVR
(Fig. 5D), and found the relative proteins to be significantly
increased also in LECs from the AOMþDSS model under the
same treatments (Fig. 5E; Supplementary Fig. S7A). To elucidate
whether the VEGFC/VEGFR3 pathway can induce immunosup-
pression directly through LECs, we performed a coculture exper-
iment with human intestinal LECs pretreated with VEGFC and/or
SAR, and blood-derived T cells (Fig. 5F). Interestingly, VEGFC-
treatedHILECs significantly inhibited CD8 T (Fig. 5G andH) and,
to lesser extent, CD4T cells (Supplementary Fig. S7B and S7C) in a
VEGFR3-dependent manner. Of note, SAR alone was able to
induce T-cell proliferation mainly of CD8 T cells (Fig. 5G and
H). These data suggest that upon VEGFR3 blockade, intestinal
LECsmay lose their protolerogenic properties (4), thus granting a
proper antitumoral immune response.

Our data indicate that both LVs and TAMs are affected by the
modulation of the VEGFC/VEGFR3 pathway and that both cell
types could potentially contribute to colorectal cancer develop-
ment (5, 13, 15, 20). To elucidate which cell compartment among
LVs and TAMs is responsible for the enhanced tumor growth
observed in response to VEGFR3 signaling, we depleted macro-
phages in the CT26 orthotopic colorectal cancer model using
BLZ945 (BLZ), a small molecule that blocks colony-stimulating
factor receptor (CSF1R; ref. 21), according to the scheme
in Fig. 6A. Mice treated with BLZ or vehicle were further admin-
istered with AdVEGFC and/or mF431C1. Treatment with BLZ did
not influence tumor growth (Fig. 6B) in comparison with vehicle-
treatedmice. Strikingly, protumorigenic effects exerted by VEGFC
were significantly reduced uponmacrophage depletion, although
tumor volume was still significantly bigger than the control

vehicle-treated group, confirming that TAMs are not the only
contributors to colorectal cancer development (Fig. 6B). Remark-
ably, macrophage depletion, confirmed by FACS (Supplementary
Fig. S8A) and immunofluorescence (Supplementary Fig. S8B and
S8C), did not further inhibit tumor growth in mF431C1-treated
animals (Fig. 6B), indicating that, apart fromTAMs, also LVsplay a
crucial role in colorectal cancer onset. Of note, VEGFC exerted its
protumorigenic effects exclusively via VEGFR3 activation; in fact,
mF431C1 abolished VEGFC-induced tumor growth (Fig. 6B).
Notably, depletion of TAMs did not affect LV density (Supple-
mentary Fig. S8B and S8D) or angiogenesis (Supplementary
Fig. S8B and S8E). Importantly, VEGFC reduced both CD8þ and
CD4þ T lymphocytes, while VEGFR3 blockade resulted in
enhanced recruitment of T cells at the tumor site (Fig. 6C and
D; Supplementary Fig. S8F and S8G). Remarkably, CD8þ and
CD4þ T-cell density inversely correlated not only with tumor size
(Fig. 6E and F), but alsowith the number of TAMs (Fig. 6G andH)
and LVs (Fig. 6I and J), indicating that adaptive immunity is
dampened in response to activation of VEGFR3 signaling in
colorectal cancer–associated LVs andmacrophages. Overall, these
data demonstrate that VEGFC-induced tumor growth relies on a
synergistic cooperation between VEGFR3þTAMs and LVs, which
affects antitumor immunity in a VEGFR3-dependent manner
(Fig. 7A).

To finally investigate whether mF431C1 could indeed provide
therapeutic efficacy in colorectal cancer, MC38 tumors were let to
establish for 1 week and mice were then randomized and admin-
istered 3 times per week with mF431C1 or IgG control (Fig. 7B).
Consistent with our expectation, blockade of VEGFR3 provided
therapeutic efficacy and strongly reduced the tumor volume in
mF431C1-treated animals (Fig. 7C), supporting VEGFR3 block-
ade as an efficient therapy for nonmetastatic colorectal cancer.

Discussion
Hallmarks of cancer immunoediting are as follows: (i) the

elimination of tumor cells by innate or adaptive immune system;
(ii) the persistence, during which the elimination step fails,
leading to a balance between proliferating cancer cells and immu-
nosurveillance; and (iii) the escape, during which proliferating
cancer cells overcome the protective effect of the immune system
due to immune exhaustion/inhibition (22). In this scenario,
cytokines and growth factors released in the tumor microenvi-
ronment acquire the capability not only to shape the functional
orientation of immune cells, such as TAMs (8), but also to affect
several biological processes, which sustain tumor growth, includ-
ing angiogenesis, and lymphangiogenesis (23), thus controlling
the overall balance between tumor eradication and tumor
promotion.

We here found that VEGFC, a growth factor involved in cancer-
associated lymphangiogenesis whose expression in human
tumors strongly correlates with poor prognosis (24), is upregu-
lated in nonmetastatic colorectal cancer, together with its cognate
receptor VEGFR3, indicating a potential role for this signaling
axis in colorectal cancer development. This hypothesis was
corroborated by our in vivo studies, in which we discovered that
while administration of VEGFC in mice exacerbated colorectal
cancer tumorigenesis, VEGFR3 blockade had a strong antitumoral
activity. These findings are in accordance with other works show-
ing an involvement of the VEGFC/VEGFR3 pathway in early
phases of tumor development (15), and are in line with studies
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Figure 5.

The VEGFR3 signaling affects LECs immune suppression.A–C, RNA-seq analysis of LECs sorted from orthotopic MC38 tumor–bearing mice treated with mF431C1
or with IgG control. A, Displays RNA-seq analysis of gene transcripts of interest in TAMs and LECs (n¼ 4). B,MA plots of differentially expressed genes identified
in LECs upon VEGFR3 inhibition. Data represent individual gene responses plotted as log2FC versus log2 (Base Mean). Red dots, genes differentially regulated
with P < 0.05. C, shows the biological processes analysis of all differentially expressed genes in MC38 tumor–derived LECs. D, TICAM1 and PVR expression in
LECs sorted as described inA. E, FACS analysis of TICAM1 and PVRmean fluorescence intensity in LECs from AOMþDSS–treated mice administered with
mF431C1 and IgG control (n� 4). F, Schematic representation of T-cell proliferation assay after coculture of PBMCs with HILEC. G and H, HILECs treated with
VEGFC, SAR, VEGFCþSAR, or medium alone (control) were cocultured with CFSE-labeled PBMCs in the presence of CD3/CD28 coating. After 72 hours, CFSE
fluorescence was assessed by FACS on CD8þT cells. G and H, Representative histograms of CD8þ T-cell proliferation with percentages of gated cells (G) and
relative bar graphs (H) expressed as percentage of proliferation inhibition versus control (n¼ 4). All data are expressed as mean values� SEM. Statistical
significance was determined by one-way ANOVA test with Dunnett (B) correction for multiple comparisons and by unpaired Student t test. Asterisks indicate
statistical significance. � , P < 0.05;�� , P < 0.01; ��� , P < 0.001.
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Figure 6.

The VEGFC/VEGFR3 pathway induces immune tolerance through a synergistic cooperation of lymphatic vessels and macrophages. A, BLZ treatment scheme
with AdVEGFC andmF431C1 administration regimen CT26 colorectal cancer–bearing mice. B, Tumor volume quantification of CT26 tumor–bearing mice at day
12 (n� 3 representative of two independent experiments). C, Representative immunofluorescence images (n¼ 5 images/tumor) of cross-sections from CT26
tumor–bearing mice (n¼ 3) stained for DAPI (blue), CD8 (red), and relative quantification (D). Scale bar, 50 mm. E–J, Scatter plots showing the linear correlations
between the values of CD8þT or CD4þ T-cell density quantified by immunofluorescence and the CT26 tumor volumemeasured by caliper at day 12 (E and F),
TAMs (G and H), and LVs (I and J). Significance was determined by one-way ANOVA test with Tukey correction for multiple comparisons or by linear regression
analysis. Asterisks indicate statistical significance. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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performed on melanoma, skin, and breast cancer, which observ-
ed that VEGFR3 inhibition could attenuate tumor growth
(5, 13, 15, 16, 20). Growing evidence supports a role for lym-
phangiogenesis in chronic inflammation (25, 26). VEGFR3 sig-
naling has been, in fact, proposed as a promising therapeutic
target in inflammatory disorders (27). Besides, several studies,
including our own (25), have demonstrated beneficial effects
of VEGFC delivery in animal models of chronic inflamma-
tion (27, 28). With regard to IBD, our previous study showed
that inhibition of VEGFR3 lead to exacerbation of intestinal
inflammation, whereas delivery of VEGFC ameliorated colitis
outcome (25). Unlike our previous study (25), we could not
observe significant changes in inflammatory scores of colitis in
the AOMþDSS model, upon modulation of VEGFR3 signaling.
These contrasting results could be due to the different inflamma-
tory degree of the AOMþDSS model in comparison with the
DSS-induced model of chronic colitis. In fact, while a mild
damage of the intestinal epithelial layer previously "initiated" by
the carcinogenAOM, and amoderate inflammatorymilieu are the
major features of the tumor model, a more severe inflammation
and epithelial erosion characterize the secondmodel; thus,we can
assume that the protective effects observed with the anti-VEGFR3
antibody on tumor development are independent from experi-
mental intestinal inflammation. This is in line with other studies
reporting discrepancies between the AOMþDSS and the DSS
alone–induced models. As an example, while Scaldaferri and
colleagues, demonstrated that the inhibition of VEGFA has ben-
eficial effects on colitic animals (29), Waldner and colleagues did
not observe an amelioration of colitis in VEGFA-inhibited ani-
mals undergoing the AOMþDSSmodel of colorectal cancer (30).

An important and unique finding of our workwas that VEGFR3
is expressed not only by colorectal cancer-associated LECs, but
also by TAMs, and that VEGFC/VEGFR3 signaling can shape both

these two cell types to synergistically inhibit antitumor immunity
and promote tumor growth. In greater detail, we proved that (i)
VEGFCbinding toVEGFR3modulates LV andTAMdensity during
experimental colorectal cancer development, (ii) macrophage
and LV abundance positively correlates with VEGFC-induced
colorectal cancer growth, while it is reduced by VEGFR3 inhibi-
tion, and (iii) VEGFR3þ LVs and TAMs control adaptive immu-
nity, promoting colorectal cancer immune escape (Fig. 7A). This is
further corroborated by our recent publication in which CT26
cells were orthotopically injected in BALB/c immunodeficient
mice. The modulation of the VEGFC/VEGFR3 pathway in mice
that lack T cells, resulted indeed in different micrometastasis
dissemination at distant organs, but did not affect colorectal
cancer primary tumor growth (2). These results together with this
study's findings demonstrate that VEGFR3 signaling can modify
adaptive immunity promoting colorectal cancer growth.

Even if the suppressive capacity of LECs has been previously
reported in coculture experimentswith T cells (31), the immunity-
related effects elicited by VEGFC/VEGFR3 signaling on LECs are
still in their infancy. Recently, the LVs have been found to affect
immune cell function by expressing immunomodulatory mole-
cules (32). Lund and colleagues previously showed that lymph
node LECs can directly suppress antitumor T-cell responses in
melanoma by tolerogenic cross-presentation of tumor anti-
gens (5). Accordingly, our transcriptomic data on tumor-
associated LECs depict the adaptive immunity-related pathway
as the most prominent process modulated by VEGFR3, thus
indicating a potentiated LEC immunosuppressive activity. These
observations were further confirmed in vitro where VEGFC-
stimulated HILECs inhibited T-cell proliferation in a VEGFR3-
dependent manner. The fact that VEGFC promotes tumor immu-
nosuppression (5), suggests that lymphangiogenesis inhibitors
may be clinically used in combination with immunotherapy.

Figure 7.

Activation of the VEGFC/VEGFR3 pathway in LVs and TAMs induces tumor immune escape in colorectal cancer. A, VEGFC binding to VEGFR3 on LVs
and TAMs (right) increases their density and function during experimental colorectal cancer development, leading to immune suppression, in terms
of reduced number of CD4þ and CD8þ T cells. On the contrary, VEGFR3 inhibition (left) blocks both lymphangiogenesis and TAM density, along with
their immunosuppressive properties, thus promoting activation of a proper antitumor immune response, in terms of increased number of CD4þ and
CD8þ T cells. B, Schematic representation of therapeutic mF431C1 administration regimen in mice orthotopically injected in the rectal mucosa with
MC38 cells. C, Tumor volume quantification of MC38 tumor—bearing mice, with the indicated treatments at day 14 by caliper (n ¼ 6 mice/group).
Data are expressed as mean � SD. �� , P < 0.01 by two-tailed unpaired Student t test.
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Besides, similar effects were partially shown by other groups in
both cell types and different settings. Dieterich and colleagues
demonstrated that VEGFR3 activation exerts direct in vitro anti-
inflammatory effects on LECs, by downregulation of various
genes associated to immune- and cytokine-response (33). Nev-
ertheless, Fankhauser and colleagues recently reported that
VEGFR3 blockade results in reduced na€�ve T-cell recruitment in
a mouse model of late-stage melanoma and increased VEGFC
serum levels were associated with robust T-cell responses in
patients with metastatic melanoma (32). This discrepancy may
be explained by the fact that different tumor locations (skin vs.
colon) and grade (metastatic vs. nonmetastatic)may have shaped
distinct suppressive elements in the tumoral microenvironment.
Interestingly, although not observed in melanoma, TAM recruit-
ment and T-cell density were significantly affected by the mod-
ulation of VEGFR3 signaling in all our colorectal cancer mouse
models, while we did not observe significant differences in T-cell
maturation and subtypes, indicating a tissue-dependent effect of
the VEGFC/VEGFR3 pathway.

The immunomodulatory effects exerted by VEGFR3 blockade
on LECs were also observed in TAMs in which antigen processing,
presentation of exogenous peptide antigen via MHC class I, and
regulation of T-cell migration were among the most upregulated
pathways in comparison with TAMs from IgG-administeredmice.
These data are in line with our coculture studies where VEGFR3
inhibition restored T-lymphocyte proliferation in the presence of
VEGFC. Moreover, in the study by Zhang and colleagues, VEGFC
binding to VEGFR3 inhibited the production of proinflammatory
cytokines in macrophages by suppressing the TLR4-NF-kB sig-
naling cascade during endotoxin shock (34). Consistently, we
found that VEGFR3 inhibition upregulated biological processes
related to NF-kB signaling and its translocation into the nucleus.
Our in vivo experiments also showed that VEGFC-dependent
activation of VEGFR3 promoted colorectal cancer through recruit-
ment of TAMs and weakened antitumor adaptive immunity. This
is in accordancewith results from Espagnolle and colleagues, who
demonstrated that VEGFR3 inhibition is able to modify TAM
density and the ratio of M2/M1 macrophages in breast cancer
(13). The differences observed in macrophage abundance upon
activation of VEGFR3 signaling could be explained by a direct
modulation of theNF-kBpathway in TAMs. It has been previously
shown that constitutive NF-kB activation is essential for macro-
phage survival (35); therefore, VEGFR3 blockade could lead to
reduced macrophage survival, while VEGFCmight promote TAM
survival through activation of NF-kB signaling. Besides a direct
effect of VEGFC on macrophage survival, it was reported that
LECs themselves are able to recruit macrophages in response
to LPS through activation of the TLR4 pathway (36). In our
experimental models of colorectal cancer, VEGFC increases
peritumoral and tumoral LV density, which could then be acti-
vated by LPS extremely abundant in the gut. We thus cannot
exclude that LPS-activated LECs could contribute to increased
macrophage recruitment compared with tumors where lymphan-
giogenesis is inhibited by mF431C1. It has to be noted that,
despite what has been shown by other groups, we did not observe
any reduction of tumor volume and weight upon macrophage
depletion with BLZ alone compared with vehicle (37, 38). These
contrasting results could be due to (i) different tumor type (21);
(ii) the orthotopic rather than heterotopic transplantation of
colorectal cancer cells (37) and (iii) the different macrophage
depletion approach (38).

As previously reported by others, we excluded a direct effect of
the VEGFC/VEGFR3 pathway on the blood vasculature (39, 40)
and on tumor cells, whichwe showed to not express VEGFR3 or to
respond to VEGFC stimulation (2). However, we cannot exclude
that VEGFR3 blockade or VEGFC stimulation could affect other
cell types that express VEGFR3 located in other organs, such as
CD11b splenic cells, myeloid suppressor cells, blood monocytes,
and on nonendothelial bone marrow–derived cells (13, 41, 42).

The use of neutralizing antibodies targeting VEGFC and/or
VEGFR3 in clinical studies that have progressed to phase I trials
in patients with advanced solid tumors have provided encourag-
ing results (23). Furthermore, several small-molecule protein
kinase inhibitors (PKI) targeting various kinases, including
VEGFR3, are nowavailable and someof themhavebeen approved
for the treatment of colorectal cancer. For example regorafe-
nib (43, 44), nintedanib (45), fruquintinib (46) and famiti-
nib (47) progressed to phase II and III clinical trial, showing
benefit without significant toxicity. These clinical data indicate
that blocking VEGFR3 could provide a safe therapeutic approach
also in nonmetastatic colorectal cancer. These clinical data togeth-
er with our findings that both VEGFC and VEGFR3 levels are
elevated and TAMs and LVs are increased, indicate that blocking
VEGFR3 could provide a safe therapeutic approach also in non-
metastatic colorectal cancer.

In summary, our findings strongly support and encourage a
VEGFC/VEGFR3–targeted therapy for blocking primary colorectal
cancer tumor growth through restoration of a proper antitumor
immune response. The inhibition of this signaling pathway may
reduce tumor lymphangiogenesis, and protumorigenic TAMs
infiltrating the tumor site, thus impeding the colorectal cancer
to escape host immunity.
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