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Abstract: Medulloblastoma (MB) is the second most prevalent brain tumor in children. Although the current
cure rate stands at approximately 70%, the existing treatments that involve a combination of radio- and
chemotherapy are highly detrimental to the patients’” quality of life. These aggressive therapies often result in
a significant reduction in the overall well-being of the patients. Moreover, the most aggressive forms of MB
frequently relapse, leading to a fatal outcome in a majority of cases. However, MB are highly vascularized, and
both angiogenesis and lymphangiogenesis, are believed to play crucial roles in tumor development and spread.
In this context, our objective is to provide a comprehensive overview of the current research progress in
elucidating the functions of these two pathways. Specifically, we will focus on the role and mechanism of action
of VEGFC, one of the key players in lymphangiogenesis.

Keywords: medulloblastoma; childhood; angiogenesis; lymphangiogenesis; VEGFC

1. Introduction

Medulloblastoma (MB) is a malignant embryonic tumor that develops in the cerebellum.
Although it is a relatively rare cancer (400 new cases are diagnosed each year in the United States,
and approximately 100 in France), MB is the second most frequent and aggressive intracranial
malignant pediatric tumor, accounting for approximately 25% of CNS tumors in children. In contrast,
MB is much less common in adults [1]. The median age of patients ranges between 5 and 7 years old,
with a higher incidence in males (boy/girl ratio of 1.8/1). MB is a high-grade, rapidly growing tumor
that belongs to the category of primary neuroectodermal tumors (PNETs) [2].

MB is not a single disease but rather encompasses a diverse range of pathologies with significant
heterogeneity. Initially, the severity of these variations was assessed based on histological criteria.
However, with recent advances in sequencing and molecular genetics, our understanding of MB
greatly improved. These recent data enabled an update of the World Health Organization (WHO)
classification in 2016 defining 4 subgroups, each with unique genetic alterations, epigenetic
modifications, transcription profiles and clinical characteristics: Wingless (WNT), Sonic Hedgehog
(SHH), non-WNT/non-SHH (group 3 and group 4) [3]. In this classification, SHH tumors were further
stratified based on the TP53 gene (wild-type or mutant) status. This mutational status has a significant
impact on prognosis and is correlated with distinct clinicopathologic characteristics. This
classification partly aligns with the previous histopathological classification: WNT tumors are
predominantly characterized by a classic morphology while desmoplastic/nodular MB and MB with
extensive nodularity (MBEN) correspond to the SHH group. Anaplastic large cell tumors, which
often exhibit MYC amplification, are primarily classified under group 3, with a few cases falling into
a molecular subtype of the SHH group [4].

The WNT and SHH subgroups are characterized by aberrant activation of the WNT and SHH
signaling pathways, respectively, which play crucial roles in the pathogenesis of these groups.
However, no specific signaling pathway appears to play a similar tumorigenic role in the two other
groups. Both groups 3 and 4 exhibit distinct molecular characteristics including the overexpression
of N-myc and c-myc factors and the inactivation of TP53 [5].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Meta-analyses showed clear distinctions among these four subgroups in terms of histology,
chromosomal aberrations, and clinical prognosis [6]. Prognosis prediction is more reliable than with
the previous histopathological classification.

The current consensus officially recognizes four MB subgroups, although biological
heterogeneity exists both within and between subgroups [7]. An integrated genomic analysis of 194
primary tumors (validated on three independent cohorts) revealed the presence of highly aggressive
intermediate tumors, which belong to specific “subsets” of group 3 or 4 [8]. However, these subsets
are not yet well characterized.

In 2017, three independent studies identified several molecular subtypes based on DNA
methylation profiling assays: i) An integrative analysis of 491 tumors from untreated patients
subdivided subgroups 3 and 4 into eight molecularly distinct subtypes (I-VIII) with specific, albeit
somehow overlapping, genetic and transcriptional signatures [7]; ii) A study conducted on 740
tumors showed that the initial four subgroups can be further subclassified into twelve different
molecular subtypes [9]; iii) A third study identified seven subtypes among 428 primary tumors. These
subtypes were validated in an independent cohort consisting of 276 tumors [10]. This further
highlights the molecular diversity and complexity within MB.

The 2021 WHO classification of CNS tumors acknowledged the existence of four MB SHH
subtypes and eight non-WNT/non-SHH subtypes [11]. These subtypes exhibit distinct
clinicopathological characteristics and have diagnostic, prognostic, and predictive impacts on the
treatment response (Figure 1). For instance, the SHH-I (or SHH-b) and SHH-II (or SHH-g) subtypes
are predominantly found in children under the age of two [12]. The recognition and characterization
of these subtypes contribute to a deeper understanding of MB and facilitate tailored therapeutic
approaches based on specific molecular profiles.
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Figure 1. Representation of the main MB classifications associated with the techniques that led to
their discovery. This figure provides an overview of the histopathological classification of MB. It
encompasses the ancestral classification, the 2016 WHO classification with four subgroups, and the
updated 2021 WHO classification with 12 subtypes (four subtypes for the SHH group and eight
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subtypes for the non-WNT/non-SHH group). The subtypes belonging to group 3 are represented in
yellow, while those from group 4 are depicted in orange. Notably, subtypes I, V, and VII display
characteristics of both group 3 and group 4. Created with BioRender.com.

2. Metastasis and recurrence throughout medulloblastoma subgroups

The current standard multimodal treatment of MB (surgery, radiotherapy, and chemotherapy)
results in a five-year overall survival rate of approximately 70%. However, the chances of cure vary
depending on the genetic subgroup [13], the stage of the disease, and the patient metastatic status at
the time of diagnosis. Unfortunately, one third of patients do not respond to treatment and experience
relapse within two years. Unfortunately, these relapses are often fatal, with patients succumbing
within five years of diagnosis [1]. The, median survival of relapsed patients is less than one year [14].

The cure rate ranges from 70 to 80% if the tumor remains localized in the cerebellum, compared
to 30 to 40% if the disease is metastatic [2,15]. These figures represent overall statistics and do not
account for variations observed among different molecular subgroups. Table 1 compiles the
molecular and clinical characteristics of the different subgroups, including the proportion of
metastasis within each group.

WNT tumors generally exhibit low rates of metastasis and have a favorable long-term prognosis
[16-18]. However, WNTb tumors are more prone to metastasis compared to WNTa tumors
highlighting differences in the activation of the WNT pathway between the two subtypes [9].

Table 1. Molecular and clinical features of medulloblastoma subgroups. Data retrieved from
[9,12,19-22]

Metastasis 5-year overall
Subgroup Subtype Frequency  Demography Main genetic events
rate survival
CTNNB1, TP53, DDX3X, MLL2/3
Infants -
WNTa 70% mutation 8.6% 97%
adolescents
WNT Monosomy chromosome 6
Children -
WNTb 30% 21.4% 100%
young adults
Loss of 9q, 10q, 17
Children - M
SHHa 29% MYCN, GLI2, YAP1 amp; TP53 20% 69.8%
adolescents
mutation
SHH
SHHb 16% Infants PTEN loss 33% 67.3%
SHHg 31% Infants Low copy number alterations 8.9% 88%
SHHd 24% Young adults TERT promoter mutation 9.4% 88.5%
Group Infants -
47% i17q; loss of 8q and 17p 43.4% 66.2%
3a children
OTX2 gain and DDX31 loss;
Group Children -
Group 3 26% activation of GFII and GFI1B 20% 55.8%
3b adolescents
oncogenes
Grou Infants - i17q; 8q gain and MYC
P 28% 198 39.4% 41.9%
3g children amplification
Group Children - i17q; loss of 8p; 7q gain; MYCN
Group 4 30% 40% 66.8%
4a adolescents and CDK6 amplification
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4
Group Children - i17q; 17p loss; SNCAIP
33% 40.7% 75.4%
4b adolescents duplication
Grou Children - i17q; loss of 8p; 7q gain; CDK6
P 37% a P8 38.7% 82.5%
4d adolescents amplification

WNT tumors generally exhibit low rates of metastasis and have a favorable long-term prognosis
[16-18]. However, WNTb tumors are more prone to metastasis compared to WNTa tumors
highlighting differences in the activation of the WNT pathway between the two subtypes [9].

The SHH subgroup can be categorized into four distinct subtypes: a, b, g, and d, with different
age distributions (Table 1). SHHa is primarily observed in children and is characterized by the
following features: TP53 mutations; focal amplifications in MYCN, GLI2, and YAPI; loss in 9q, 10q,
17p. SHHD is mainly seen in infants and is associated with a high metastatic rate and PTEN deletion.
It has the poorest prognosis [9,12]. SHHg demonstrates a more favorable outcome while SHHd is
predominantly present in adults and also displays a favorable outcome.

Group 3 is associated with the worst prognosis among all subgroups, and significant differences
exist between its subtypes (Table 1). The characteristics of Group 3 subtypes with respect to Group 4
were recently specified further [22]. Sharma et al suggested that these two groups can be further
divided into eight subtypes each with distinct metastatic status and survival outcomes.

Similarly, Group 4 exhibits significant differences in overall survival rates, while the rate of
metastasis remains relatively constant across its subtypes (Table 1).

These observations indicate that the rate of metastasis does not necessarily correlate with overall
survival in medulloblastoma. This raises the question of whether progression-free survival might
serve as a better indicator of MB severity. It also emphasizes the importance of considering the
various treatments administered to patients, in addition to the biological and molecular differences
among MB. Overall, the complex nature of medulloblastoma underscores the need for a
comprehensive understanding of its subtypes, their specific characteristics, and their responses to
treatment. This knowledge is crucial for developing more targeted and effective therapeutic
approaches for improved patient outcomes.

3. Routes of metastatic dissemination in medulloblastoma

Leptomeningeal metastases are responsible for almost 100% of deaths. While MBs rarely
metastasize outside the CNS, they primarily spread to the spinal and intracranial leptomeninges. This
observation supports the hypothesis of MB spread through the CSF rather than the bloodstream
[23,24].

In the CNS, a lymphatic network has been described, particularly in the meninges (within the
dura mater), which facilitates CSF drainage (Figure 2). Part of the CSF (in the subarachnoid space)
drains into the cervical lymph nodes connecting with the lymphatic circulation [25-27]. This finding
suggests that leptomeningeal metastasis occurs not only via the CSF, but also through CNS
lymphatics.
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Figure 2. Molecular mechanisms of tumor lymphangiogenesis. In response to hypoxia and other
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signals, tumor, stromal, and tumor-infiltrating inflammatory cells secrete lymphangiogenic factors
such as VEGFC, VEGFD, VEGFA, FGF, PDGF, Angiopoietin 1 and 2, and EGF. These factors act on
existing lymphatic vessels present at the tumor site, thus triggering vessel sprouting, LEC
proliferation, and generating new lymphatic vessels both within and around the tumor (intra- and
peri-tumoral lymphangiogenesis). The newly formed lymphatic vessels facilitate the transport of
tumor cells to nearby lymph nodes. Bone marrow derived LEC precursors and myeloid cells can
integrate into these new tumor lymphatic vessels or stimulate LEC proliferation, further supporting
the process of tumor lymphangiogenesis.

In approximately 7% of cases, MB metastases can spread to the lungs, bones, liver, or lymph
nodes [28-30]. The spread and development of these metastases are probably facilitated by blood and
lymphatic networks.

In rare instances, MB metastases can also be found within the spinal cord (vertebral
intramedullary metastases) [31,32]. Since the CSF extends along the spinal cord, it is possible that it
serves as the primary transport route for these metastases. Thus, metastatic dissemination primarily
occurs through the lymphatic route, responsible for local CNS metastases, as well as the blood route,
which is more associated with distant metastases outside the CNS.

4. Pathological lymphangiogenesis and cancer

Lymphatic vessels play a crucial role in maintaining tissue fluid homeostasis by draining
interstitial fluids throughout the body and towards the venous bloodstream. The entire lymphatic
system is also a vital component of the immune defense system. Additionally, it facilitates the
absorption of dietary fats, preventing their storage. The development of lymphatic vessels
(lymphangiogenesis) originates from a subpopulation of endothelial cells derived from the cardinal
vein, which express Prox1 (Prospero homeobox protein 1) and LYVE1 (Lymphatic vessel endothelial
hyaluronan receptor 1). The process of lymphangiogenesis relies on the sequential expression of
specific lymphatic markers (Proxl, PDPN (podoplanin), VEGFC, VEGFR3). Deregulation of
lymphangiogenesis contributes to several pathologies including lymphedema, inflammatory
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conditions, fibrosis, and cancer [33-36]. Insufficient lymphangiogenesis disrupts its essential
biological functions leading to reduced fluid drainage, chronic tissue edema, compromised
immunity, and impaired fat absorption, which can contribute to obesity. Conversely, excessive
lymphangiogenesis triggers tissue inflammation, autoimmune diseases, and the metastatic spread of
tumors. Furthermore, the abnormal increase in the lymphatic network not only facilitates the
transport of tumor cells but also stimulates enhanced antitumor immune response [37].
Administration of lymphangiogenic growth factors or their antagonists might be a potential strategy
to target lymphatic vessels in human disease, particularly in cancers, including MB.

4.1. The VEGFC/VEGEFR axis in the tumor lymphatic network

Due to their exacerbated proliferation rate, tumor cells generate metabolic waste products that
are eliminated through the lymphatic system. However, tumor cells hijack the functions of the
lymphatic system to disseminate throughout the body. They secrete growth factors such as VEGFC
and VEGFD which stimulate tumor lymphangiogenesis [38,39]. Cells in the tumor microenvironment
including stromal cells, fibroblasts [40], activated platelets [41], tumor infiltrating macrophages [42]
and other immune cells (as described earlier), also contribute to the initiation of lymphangiogenesis
by releasing VEGFC and VEGFD. Overexpression of these factors in tumors promotes the growth of
lymphatic vessels and lymph node metastasis [40,43]. A soluble VEGFR3 fusion protein, which
inhibits the interaction between VEGFC-VEGEFRS3, effectively suppresses tumor-associated lymphatic
growth and metastasis to regional lymph nodes (although distant metastasis likely occurs via the
bloodstream) [44,45]. Inhibition of VEGFR3 with a blocking antibody produces similar effects [46].
Conversely, inhibiting VEGFR2 has no impact on tumor lymphangiogenesis [47]. VEGFA,
presumably through its interaction with VEGFR2 or NRP2, decreases tumor lymphangiogenesis and
lymph node metastasis. Transgenic mice overexpressing VEGFA exhibit significant proliferation of
tumor-associated lymphatic vessels. These neo-vessels overexpress VEGFR2 [48]. These studies
collectively indicate that tumors prepare their lymphatic metastatic spread by secreting pro-
lymphangiogenic growth factors. These factors act on the surface of LECs through both VEGFR2 and
VEGFR3 promoting their migration and proliferation. NRP2, found on lymphatic vessels within and
around murine experimental tumors, plays a role in this process. Inhibiting NRP2 using a
neutralizing antibody blocks the migration of LECs but not their proliferation, resulting in reduced
tumor lymphangiogenesis and a lower incidence of lymph node metastases [49]. Thus, the primary
inducers of tumor lymphangiogenesis are the growth factors VEGFC and VEGFD, acting through
their interaction with (co)receptors VEGFR2, VEGFR3 and NRP2.

VEGEFC also contributes to the dilatation or the widening of lymphatic vessels [50,51]. Notably,
the VEGFR2 pathway primarily mediates the widening of these vessels, while VEGFR3 is crucial for
lymphatic neo-germination [52]. This hyperplasia resulting from the overexpression of VEGFC in
tumors enhances lymphatic flow and increases the proportion of tumor cells invading the lymph
nodes [53].

Lymphangiogenesis can occur both at the periphery of the tumor and within the tumor mass.
Peritumoral lymphatic vessels facilitate metastatic dissemination while intratumoral vessels are
frequently obstructed by infiltrating tumor cells and may not function properly. In a mouse model of
melanoma that overexpress VEGFC, only the peri-tumoral lymphatic vessels are necessary for
lymphatic metastatic spread [54].

doi:10.20944/preprints202306.1649.v1
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4.2. Molecular mechanisms of tumor lymphangiogenesis

Tumor lymphangiogenesis primarily occurs through the process of lymphatic germination. In
response to lymphangiogenic factors, proliferating LECs initiate the sprouting of new lymphatic
vessels. Uncontrolled tumor growth and the resulting hypoxia induce the expression of growth
factors by tumor cells, stromal cells, and tumor-infiltrating inflammatory cells (Figure 2). Growth
factors such as VEGFs, FGFs, PDGFs, angiopoietins 1 and 2 and EGF, promote tumor
lymphangiogenesis [48,55-57]. Prostaglandins and their receptors expressed by tumor and immune
cells increase VEGFC expression, thereby stimulating lymphangiogenesis and metastasis in several
types of cancers. In addition, cyclooxygenases (COX), which catalyze the conversion of arachidonic
acid into prostaglandin H, enhance VEGFC expression and promote lymph node metastases in breast
cancer [58], lung cancer [59], esophageal cancer [60] and head and neck cancers [61].

LEC = lymphatic endothelial cell; M1 = M1 polarized macrophage; HSC = hematopoietic stem
cell. Created with BioRender.com.

In addition to sprouting lymphangiogenesis, precursor LECs and bone marrow-derived cells
contribute to the formation of lymphatic vessels in cancer. For instance, after transplantation of
hematopoietic stem cells expressing GFP into tumor-bearing mice, 3 to 4% of the endothelial cells of
tumor lymphatic vessels express GFP [62]. Therefore, hematopoietic stem cells have the potential to
differentiate into LECs and integrate into tumor-associated lymphatic vessels. In addition, circulating
LEC progenitor cells originating from bone marrow participate in lymphangiogenesis by integrating
into new lymphatic vessels within tumors [63].

Differentiated macrophage-like cells derived from the bone marrow integrate into the tumor
lymphatic endothelium. In mouse models of pancreatic and prostate cancer, 3% of the newly formed
lymphatic vessel cells are derived from the myeloid-monocyte lineage. A depletion of tumor-
associated macrophages in these models results in a reduction in the density of peri-tumoral
lymphatic vessels [64]. These integrated macrophages acquire the expression of LEC markers. This
transdifferentiation is partly regulated by FGF signaling. Macrophages support lymphangiogenesis
through two mechanisms: either by differentiating into LECs and incorporating into the lymphatic
endothelium, or by stimulating the proliferation of local LECs through the production of VEGFC [65].
In a model of renal fibrosis, macrophages produce VEGFC, which inhibits autophagy in M1
macrophages. Reduced autophagy upregulates M1 marker expression and M1 macrophage
polarization. These M1 macrophages can preferentially transdifferentiate into LEC [66]. This process
could be similar in another inflammatory context such as cancer. Indeed, the mTOR protein, which
inhibits autophagy, also activates lymphangiogenesis. Inhibition of mTOR by rapamycin reduces
lymphangiogenesis and cervical lymph node metastasis in head and neck cancers [67]. This suggests
that targeting mTOR could be a potential strategy to modulate tumor lymphangiogenesis and
metastasis.

Other signaling pathways affect the expression of VEGFC and its receptors, thereby influencing
tumor lymphangiogenesis. The WNT1 ligand suppresses VEGFC expression and inhibits
lymphangiogenesis and metastasis in melanoma. The precise mechanism of this suppression is not
yet understood but it does not depend on downstream GSK3 or b-catenin signaling [68]. This finding
may explain why WNT-driven MBs, depending on their signaling mutations, are not highly
metastatic. TGFp also inhibits lymphangiogenesis. Its repression by the type 1 receptor of TGF
(TPR1) inhibitor, in a xenograft model of pancreatic adenocarcinoma, resulted in increased expression
of VEGFC and accelerated lymphangiogenesis [69]. These findings suggest that TGFf transduces
signals within LECs and can enhance lymphangiogenesis in the tumor microenvironment.

4.3. The dual role of cancer-associated lymphangiogenesis

The lymphatic network has two primary roles in cancer:

- In the early stages of tumor development, it has beneficial effects by facilitating the transport
of tumor antigens in the lymph to the lymph nodes. These antigens are then presented to naive LTs
to activate the antitumor immune response.
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- Later, when the tumors have progressed towards advanced stages, the lymphatic vessels have
adverse effects. Aggressive tumors and their associated microenvironment produce significant
amounts of VEGFC, which is correlated with an enlarged lymphatic network and tumor
dissemination through lymphatic vessels. VEGFC participates in the formation and sprouting of new
lymphatic vessels around the tumor [70] as well as in the dilation of existing peri-tumoral lymphatic
vessels. The latter carry cancer cells that enter the lymph nodes, where they can survive and
proliferate [71]. Consequently, VEGFC-dependent formation of tumor neo-vessels leads to metastatic
dissemination.

Link between inflammation and lymphangiogenesis in cancers

During inflammation and cancer, the lymphatic network is remodeled and lymphangiogenesis
occurs. Inflammation-induced lymphangiogenesis takes place in both the draining lymph node and
in inflamed tissue through the signaling of VEGFA/VEGFR2 and VEGFC/VEGFD/VEGFR3 [37]. In
acute inflammation, B lymphocytes express VEGFA which activates VEGFR2 and
lymphangiogenesis in the lymph nodes [72]. Activated T cells express INF-g, which suppresses nodal
lymphangiogenesis [73]. Macrophages, as they migrate from the inflamed tissue to the draining
lymph node, also express VEGFA, thereby inducing nodal lymphangiogenesis [74]. Unlike in lymph
nodes, tissue lymphangiogenesis is independent of B «cells [75]. In inflamed tissue,
lymphangiogenesis is initiated by the infiltration of macrophages that express VEGFA and VEGFC
[74]. Inflammation also results in an increase in lymphatic flow [76] promoting faster transport of
immune cells. In addition, pro-inflammatory cytokines (TNFa, IL-6, IL-8, IL1-b, INF- g) can increase
the permeability of lymphatic endothelial cells [77]. However, while this lymphangiogenesis is
associated with inflammation, it can also contribute to cancer progression [78].

4.3.1. Harmful role: metastatic dissemination and immune tolerance

LEC = lymphatic endothelial cell; MDSC = myeloid suppressor cells; LT = T lymphocyte; NK =
Natural Killer. Created with BioRender.com.

To disseminate throughout the body, cancer cells must penetrate the vascular network, implant,
and proliferate in another organ to form metastases. During the early stages of cancer development,
the tumor is avascular. Later, the production of angio- and lymphangiogenic factors leads to tumor
neovascularization, where new blood vessels are formed and connect with pre-existing vessels. The
presence of blood and/or lymphatic vessels is often associated with high-grade tumors. As the tumor
progresses, cancer cells enter the lymphatic vessels and spread through the lymphatic network. Thus,
the blood and lymphatic vessels represent the main routes of metastatic dissemination and
contributes to the aggressiveness of cancer. Consequently, anti-angiogenic treatments are commonly
included in current therapeutic regimens. Despite beneficial effects, they only trigger a modest
survival extension of a few months. This limited efficacy could be due to compensatory mechanisms,
such as tumor lymphangiogenesis which may counteract the effects of anti-angiogenic therapies [79].

High levels of lymphangiogenic growth factors such as VEGFC (or VEGFD) are released by
tumors and the microenvironment including macrophages [80]. These growth factors induce
lymphangiogenesis around the tumor and in regional lymph nodes [81]. Tumor lymphangiogenesis
promotes tumor growth, invasion to peritumoral lymph nodes and metastasis. It is associated with
poor prognosis in melanoma and breast, ovarian, colorectal and lung cancers [82]. For instance,
elevated levels of VEGFC in ovarian and breast cancers are correlated with accelerated tumor growth,
progression, and dissemination [83]. In mouse models, inhibition of VEGFC, VEGFD or VEGFR3
using monoclonal antibodies or soluble extracellular receptor domains (VEGFC/D traps) decreases
the spread of tumor cells to lymph nodes [35,44,45]. Additionally, in mice, tumor cells reaching
sentinel lymph nodes can extravasate into blood vessels and disseminate systemically to the lungs
[84,85].

To disseminate into the lymphatic vessels, metastatic tumor cells rely on chemokine signaling
pathways [86,87]. Under physiological conditions, these pathways regulate the trafficking of APCs
that selectively enter lymphatic vessels. LECs express ligands CCL19 and CCL21 (CC-chemokine
ligand 19 and 21), which bind to the CCR7 receptor (CC-chemokine receptor 7) on the surface of

doi:10.20944/preprints202306.1649.v1
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dendritic cells, LB and LT. LECs also secrete the ligand CXCL12, which binds the CXCR4 receptor on
APCs [88]. This chemokine gradient facilitates the entry of cells expressing the corresponding
receptors into lymphatic vessels and lymph nodes. Tumor cells exploit this system by expressing the
CCR7 and CXCR4 receptors. Under hypoxia, tumor cells overexpress CXCR4 [89] and secrete the
cytokines CCL19 and 21 (Figure3A). The expression of CCR7 and CXCR4 is correlated with increased
metastasis in patients with breast, lung, gastric or colorectal cancers [90-93]. Through autocrine and
paracrine chemotaxis, tumor cells migrate towards LECs and enter the lymphatic vessels. The
activation of CXCR4 and autocrine chemotaxis induced by CXCL12 enhances glioma cell motility,
migration, and invasion [94]. VEGFC secreted by tumor cells increases the expression of VEGFR3 by
LECs and stimulates the secretion of CCL21 by these LECs. This VEGFC-dependent process promotes
paracrine chemotaxis and facilitates tumor invasion [95]. In an experimental model of melanoma in
mouse, a soluble CCL21 inhibitor blocks the migration of tumor cells [96]. In addition to its local
effect, VEGFC produced by tumor cells induces lymphangiogenesis in the lymph nodes, creating a
pre-metastatic niche [97,98]. Nodal lymphangiogenesis increases lymphatic flow and facilitates the
entry of metastases. Moreover, these changes in the microenvironment of the lymph node can
provide favorable conditions for the survival and growth of tumor cells. Once colonized, the lymph
nodes enhance the metastatic potential of the tumor in distant organs [55]. The expression of
chemokines and their receptors by tumor cells, as well as the VEGFC-dependent secretion of these
cytokines by LECs, accelerates the development of metastases.

Besides providing routes for metastasis, tumor-associated lymphatic vessels also contribute to
immune tolerance. The development of a tumor-associated lymphatic network leads to the
production of various immunomodulatory signals, including PDL1, IDO (indolamine-2,3-
dioxygenase) and TGFb. These factors inhibit the maturation of dendritic cells, impair the cytotoxic
function of NKs, dampen the activation of LTs, and promote the activation of regulatory LTs and
MDSCs, thus creating an immunosuppressive microenvironment [99]. PDL1 is overexpressed on the
surface of LECs upon interaction with specific tumor antigens and is also induced by hypoxia.
Blocking PDL1 on LECs that present these tumor antigens enhances the activation of CD8 LT [100].
In several mouse models of melanoma, tumor associated LECs express high levels of PDL1 compared
to LECs in normal skin. Expression of PDL1 by these cells prevents the accumulation of CD8 LT in
the melanoma environment [101]. VEGFC, produced by tumor cells, not only stimulates tumor
growth through an autocrine mechanism but also increases lymph node metastases and promotes
immune tolerance. In an immunocompetent mouse model of melanoma, VEGFC produced by tumor
cells and the microenvironment leads to the suppression of tumor specific CD8 LTs and an increase
in regulatory LTs and MDSCs. In this model, the LECs of the peri-tumoral vessels, activated by
VEGEFC, also disrupt the response of CD8 LTs (Figure 3B).

In tumor-draining lymph nodes, LECs present tumor antigens complex to MHC-I and induce
apoptosis of tumor-specific CD8 T cells. Thus, VEGFC acts as a pro-tumor immunomodulator [102].
T Human studies in melanoma support this findings, as functionally active CD8 T cells remain in
circulation, but exhibit a depleted phenotype (weaker presentation of tumor antigens and reduced
reactivity) within tumors and patient metastases [103]. In addition, LECs in tumor-associated lymph
nodes produce S1P (sphingosine 1-phosphate) which promotes the egress of NK and LT cells from
the lymph nodes, facilitating nodal metastatic spread [104,105]. Lymph node LECs also produce nitric
oxide in response to inflammatory signals (IFN-g and TNF) produced by LTs, inhibiting LT activation
in return [106]. Moreover, the production of IFN- g by CD8 T cells induces the expression of PDL1 on
the surface of LECs. Mouse models of melanoma with LECs deficient in IFN-g receptor exhibit an
increase in tumor-infiltrating CD8 T cells and improved survival [101]. Thus, during tumor
development, a negative feedback loop is set up between the LECs and LTs. PDL1 expression by
LECs is increased in response to IFN-g produced by tumor-specific CD8 LTs, subsequently inhibiting
their activation and accumulation within tumors (Figure 3C).
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Figure 3. Adverse roles of tumor lymphangiogenesis: metastatic dissemination and immune
tolerance. A. The cytokines CXCL12 and CCL19/21, synthesized by hypoxic tumor and LECs,
respectively bind the CXCR4 and CCR7 receptors on the surface of tumor cells. The cells then
intravasate into the lymphatic vessels and leading to an increased metastatic dissemination. Tumor-
synthesized VEGFC further amplifies this process by enhancing the secretion of CCL21 by the LECs,
thereby promoting metastatic dissemination. B. Intra- and peri-tumoral LECs secrete
immunoregulatory factors that activate MDSCs and regulatory LTs, and inhibit the activity of CD8
LTs, NKs and dendritic cells. VEGFC is involved in this immune tolerance. C. Within the lymph node,
LECs activated by tumor antigens overexpress PDL1. This overexpression is further increased in
response to TNF and INF-ysecreted by LTs. These signals induce the secretion of nitric oxide by LECs,
which subsequently reduces the activity of CD8 LT. PDL1 also inhibits the activation of LT, NK and
dendritic cells expressing PD1.

In view of data based on these pieces of evidence, targeting tumor lymphangiogenesis emerges
as a promising therapeutic approach to prevent metastatic dissemination. Tumor lymphangiogenesis
contributes to the limitation of anti-angiogenic treatments in certain cancers. When the blood
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vasculature is blocked, tumors adapt by increasing the production of lymphangiogenic factors and
exploiting the lymphatic vessels for dissemination. To overcome these compensatory mechanisms,
future treatments should consider the lymphatic system as a crucial player in the tumor process.
Simultaneous targeting of both the blood and lymphatic vasculature networks would deprive the
tumor of potential dissemination routes. By addressing both aspects, comprehensive therapeutic
strategies can be developed to effectively inhibit tumor progression and metastasis.

4.3.2. Beneficial role and synergy with the immune system

During the early stages of tumor development, lymphangiogenesis serves as an entry route for
immune cells that can mount an anti-tumor immune response. Cancer cells or their antigens entering
the lymphatic vessels activate immune cells at the inflammatory site or in the draining lymph nodes.
APCs present tumor antigens on their surface, initiating an anti-tumor immune response (Figure 4A).

In the context of inflammation, LECs in the lymphatic vessels produce the cytokine CCL21. This
cytokine attracts dendritic cells, activated LBs and LTs, expressing the CCR7 receptors in the
lymphatic vessels [107] (Figure 4B). The trafficking of leukocyte in lymphatic vessels is also regulated
by cell adhesion molecules such as CLEVER-1 (common vascular and lymphatic endothelial receptor-
1) and mannose receptor 1 [108]. In tumors, the expression of CCR7 by dendritic cells induces their
migration into the tumor-draining lymph nodes, where they activate LTs [109].
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Figure 4: Beneficial roles of tumor lymphangiogenesis: recruitment and activation of the immune
system. A. Atinflammatory sites, antigens released by the tumor are captured by dendritic cells (DCs)
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and presented on their surface (1 and 2). These DCs migrate into the lymphatic vessels and are
activated, leading to the presentation of tumor antigen by MHCs on their surface (2). B. The synthesis
of CCL21 by LECs and high endothelial venules (HEVs) facilitates the migration of DC, LB and LT
in the lymphatic vessels (3). These immune cells express the CCL21 receptor CCR?7. C. Tumor antigen
presenting DCs activate lymphocytes in the lymph nodes (4). Once activated, these lymphocytes
undergo expansion and accumulation (5). Upon the action of VEGFC, lymphatic density and flow
increase, allowing for better infiltration of antitumor lymphocytes in the lymph nodes. These
lymphocytes then migrate through the lymphatic vessels towards the tumor (6) and induce a specific
antitumor response (7).

LEC = lymphatic endothelial cell; HEV = high endothelial venule; Ag = antigen; DC = dendritic
cell; LB =B lymphocyte; LT = T lymphocyte. Created with BioRender.com.

Both activation and infiltration of T cells into tumors are critical steps in antitumor immunity.
While infiltration of regulatory LTs is associated with a poor prognosis, the presence of intra-tumor
cytotoxic LTs is associated with better clinical outcomes [99,110]. In melanoma or colon cancer
patients, the lymphatic network density and the lymphatic gene expression in primary tumors
correlate with inflammation and immune cell infiltration [111-114]. These findings support the role
of the lymphatic vascular system in the transport of immune cells.

APCs such as dendritic cells, transport peripheral antigens and deliver them to the lymph nodes,
where they present them to LB and LT that constantly enter the lymph nodes [115,116]. These
antigens can reach the lymph nodes without the need for central peripheral antigen transport. Once
in the lymph nodes, resident follicular dendritic cells and macrophages in the cortical region capture
the antigens, leading to the activation of LT and LB within a few hours of antigen presentation
[117,118]. Tumor antigens can also locally activate naive LTs [119,120]. Overall, the lymphatic
vascular system plays a crucial role in facilitating the transport of immune cells, activation of T cells,
and initiation of anti-tumor immune responses.

Transgenic mice with melanoma that lack lymphatic vessels (or have a disrupted lymphatic
system, exhibit impaired tumor drainage, reduced dendritic cell trafficking and a diminished
induction of anti-tumor adaptive immune responses [112,121]. Lymphatic vessels are therefore
necessary for the initiation of effective antitumor responses. In the early stages of melanoma
development, VEGFC initiates the increase in lymphatic intratumoral density and the infiltration of
CDS8 T cells. However, at metastatic stages, infiltrating lymphocytes are reduced and regulatory T
cells (CD19+ FoxP3+) are present, indicating the attraction of immunosuppressive cells [113]. This
suggests a shift towards an immunosuppressive microenvironment in advanced melanoma. Similar
observations have been made in kidney cancer where overexpression of VEGFC is correlated with
increased survival in patients with non-metastatic tumors, but decreased survival in metastatic
patients [70]. In addition, VEGFC-deficient tumors exhibit a decrease in activated lymphocyte
markers and an increase in the PDL1 marker. These findings suggest that the beneficial activity of
VEGEFC is transient and limited to the early stages of disease development.

Lymph nodes contain specialized blood vessels called HEVs (high endothelial venules). HEVs
express the ligand CCL21, which facilitates the entry of naive and memory T cells expressing CCR7
into the lymph nodes [122]. Under physiological conditions, HEVs are primarily found within
lymphoid tissue. However, they can be generated at sites of chronic inflammation [123] (Figure 4).
They have been detected in human tumors and have been associated with a favorable prognosis [124—
127]. They contribute to increased infiltration of LB and LT into both lymph nodes and the tumor
itself. This enhanced immune infiltration is linked to an improved antitumor response, particularly
in human breast tumors [125]. The density of HEVs in tumors has been correlated with longer
metastasis-free survival rates, suggesting that HEVs confer a lower risk of relapse. Therefore, HEVs
have emerged as potential targets for the diagnosis and treatment of cancer due to their ability to
enhance immune infiltration and potentially improve patient outcomes. However, in advanced
stages of the disease, HEVs seem to disappear. The mechanisms underlying the loss of HEVs in
advanced tumors are not yet fully understood. Further research is needed to investigate the factors
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and processes involved in the disappearance of HEVs and their implications for tumor progression
and immune responses.

Therapeutically, in melanoma models, induction of lymphangiogenesis by VEGFC in primary
tumors promotes the accumulation of CD8 LT and enhances responses to immunotherapy [111]. In a
mouse model of glioblastoma, injection of VEGFC into the CSF increases lymph node and tumor
infiltration of CD8 LT. VEGFC also enhances the effects of anti-PD1 [128]. These findings highlight
the ability of VEGFC to stimulate antitumor immunity and raise the efficacy of immunotherapy,
particularly at early stages in certain tumors. Based on these promising results, a pro-
lymphangiogenic therapy delivering VEGFC (Lymfactin® or LX-1101) is being evaluated in a phase
II clinical trial (NCT03658967) for the treatment of breast cancer patients with secondary
lymphedema. By delivering VEGFC, the therapy intends to induce lymphangiogenesis and improve
lymphatic function, ultimately relieving lymphedema symptoms.

While the growth of lymphatic vessels can facilitate the spread of metastases and create an
immunosuppressive microenvironment in advanced tumors, a functional lymphatic network is
necessary to generate appropriate antitumor immune response. It is critical to consider the
beneficial effects of tumor lymphangiogenesis when administering anti-angio/lymphangiogenic
treatments. The administration of such treatments should be carefully based on specific types of
cancer and the stage of the disease. Indiscriminate destruction of the lymphatic vessels involved in
the anti-tumor immune response might have unintended consequences, compromising the ability of
the immune system to mount an effective antitumor response.

As described previously, VEGFC is involved at several levels: at the systemic level, at the level
of the lymphatic network, at the immune level but also in an autocrine manner at the level of tumor
cells. VEGFC produced by cancer cells, can act directly on these cells, and induce important biological
effects. This autocrine role has been demonstrated in various types of cancer.

In ovarian cancer, VEGFC released by cancer cells stimulates their autocrine migration both in
vitro and in vivo through autocrine and paracrine mechanisms [83]. Similarly, VEGFC binding to
VEGFR3 induces autocrine proliferation of breast cancer cells [129], in scalp and facial angiosarcomas
[130], as well as in airway squamous cell cancer cells — upper digestive tract — [131]. In addition, anti-
VEGEFC chimeric antibodies inhibit the proliferation and migration of endothelial cells and metastatic
kidney cancer cells [132]. Counterintuitively, inactivation of VEGFC in kidney cancer cell lines
increases their proliferation and migration. Interestingly, these cells do not form tumors in
immunodeficient mice, but develop invasive tumors in immunocompetent mice [70]. These findings
highlight the complex interplay between VEGFC, the tumor microenvironment, and the immune
system. Inactivation of VEGFC can have differential effects depending on the immune status of the
host, indicating the importance of considering the immune context when targeting VEGFC in cancer
therapy. Modulating VEGFC signaling pathways may offer potential therapeutic opportunities for
suppressing tumor growth, inhibiting metastasis, and improving treatment outcomes in kidney
cancer and other malignancies.

5. Tumor angiogenesis: scientific context and therapeutic failure

Angiogenesis involves the formation of new blood vessels from pre-existing ones and its balance
is maintained by the interplay between pro-angiogenic and anti-angiogenic factors (Figure 5). In
addition to its role in embryogenesis, angiogenesis contributes to organ growth. In physiological
conditions, angiogenesis occurs in a controlled manner during specific events such as tissue repair,
gestation, the ovarian cycle, or in response to ischemia (lack of blood supply to tissues) [133]. Pro-
angiogenic factors, such as vascular endothelial growth factor (VEGF), promote the growth of new
blood vessels, while anti-angiogenic factors, such as thrombospondin-1, inhibit angiogenesis,
maintaining a delicate balance. However, during tumor progression and metastatic dissemination,
this balance is disrupted, leading to abnormal and dysregulated angiogenesis. Tumors require a
blood supply to support their growth and metastasis, and therefore, they stimulate angiogenesis to
create new blood vessels that can deliver oxygen, nutrients, and growth factors to the tumor cells.
This process allows the tumor cells to establish themselves in new locations and promotes the
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development of metastases. The dysregulated angiogenesis in cancer is driven by the overexpression
of pro-angiogenic factors and the downregulation of anti-angiogenic factors. This imbalance
promotes the formation of an abnormal tumor vasculature characterized by leaky, disorganized, and
tortuous blood vessels. The abnormal tumor vasculature not only supports tumor growth but also
contributes to tumor progression by facilitating intravasation of cancer cells into the bloodstream,
leading to distant metastasis.
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Figure 5: Control of angiogenesis by pro- and anti-angiogenic factors. A. Physiological
angiogenesis: balance between pro-angiogenic factors (VEGFA, VEGFB, HIF, FGF, low concentration
TGFb, MMP, PDGF, IL-8, Angl and 2) and anti-angiogenic factors (derived from hyaluronic acid ,
angiostatin, INF-g, thrombospondin (TSP), high concentration TGFb and Angl and 2). B. Activation
of angiogenesis by overexpression of pro-angiogenic factors (++) and repression of anti-angiogenic
factors (-): case of embryogenesis, healing, or cancers. Created with BioRender.com.

Understanding the molecular mechanisms underlying angiogenesis and its dysregulation in
cancer has led to the development of anti-angiogenic therapies, which aim to disrupt the tumor
vasculature and inhibit tumor growth. These therapies target pro-angiogenic factors or their
receptors to inhibit the formation of new blood vessels, thereby starving the tumor of its blood

supply.
5.1. Tumor neovascularization

As a tumor grows, its demand for oxygen and nutrients exceeds what can be supplied by simple
diffusion from nearby blood vessels. The tumor then secretes pro-angiogenic signals including
VEGFA to stimulate the formation of new blood vessels from existing vessels. Tumor angiogenesis
involves the sprouting and remodeling of nearby blood vessels to supply the growing tumor with a
network of blood vessels. Tumor blood vessels are often disorganized and abnormal. They are leaky
and inefficient, thus leading to inadequate blood flow, poor oxygenation, and uneven distribution of
nutrients within the tumor. Once the tumor has established a network of blood vessels, it gains the
ability to invade surrounding tissues and spread to distant sites through the bloodstream. By
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comparing weakly vascularized quiescent tumors and strongly vascularized fast-growing tumors,
Folkman established that initiation of tumor angiogenesis is necessary for tumor progression [134].
He also isolated a tumor-produced factor, responsible for tumor associated angiogenesis, which he
named TAF (tumor-angiogenesis factor). He suggested that blocking this factor (and thus
angiogenesis) could stop tumor growth [135]. These observations paved the way to understanding
the activation of tumor angiogenesis, also called the “angiogenic switch”.

In contrast to the physiological vasculature, tumor blood vessels and their endothelial lining
have an abnormal architecture. These tumor vessels are disorganized; they do not present the
classical artery-capillary-vein hierarchy. They are more dilated and form arteriovenous shunts that
leads to unstable blood flow [136-138]. They have many branches, irregular diameter and increased
permeability to macromolecules leading to higher interstitial pressure and thus edema, fibrosis,
inflammation and local microhemorrhages [139]. The endothelial cells lining tumor vessels arise from
the proliferation of normal endothelial cells from surrounding the tissue and are structurally
abnormal. They have many fenestrations and enlarged cell junctions. They overlap and migrate into
the lumen of the vessel. The phospholipids of the inner membrane layer of tumor endothelial cells is
disorganized and shifted to the outer membrane. This redistribution of phospholipids is caused by
the oxidative stress of the tumor microenvironment and hypoxia [140]. Moreover, these tumor
endothelial cells have a high proliferation rate compared to normal endothelial cells [141]. The basal
membrane is discontinuous or absent. The tumor endothelium is sparsely covered with
morphologically abnormal pericytes, indicating less maturity [142]. Smooth muscle cells, positive for
the a-SMA (smooth muscle actin) marker, are reduced in xenograft models of lung carcinoma [143].

The endothelial junctions of tumor vessels are also aberrant and less cohesive: the glioblastoma
secretome provides pro-angiogenic and inflammatory signals (here CXCLS), disrupts the junctions
formed by VE-cadherin and promotes the permeability of brain endothelial cells [144]. Thus,
abnormalities in the structure and composition of tumor vessels combined with a microenvironment
rich in pro-angiogenic and inflammatory factors, are responsible for the abnormally high vascular
permeability of tumors [145]. These vascular abnormalities create a hostile environment
characterized by hypoxia, low pH, inflammation, and high interstitial pressure that select the most
aggressive cancer cells. The resulting vascular leakage contributes to the increase in tumor interstitial
pressure and causes vascular edema, which limits the delivery of chemo-therapeutic agents and the
anti-tumor immune response [139]. Finally, destruction the endothelium promotes intravasation of
tumor cells and metastatic dissemination via the bloodstream [146] (Figure 6).
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Figure 6: Disorganization of the tumor vascular network compared to the normal vasculature. A.
Normal blood vessel with contiguous endothelial cells, a continuous basement membrane, and a layer
of smooth muscle cells and pericytes. The circulation of immune cells and macromolecules is normal.
B. Tumor blood vessel showing many branches, irregular vessels, interrupted endothelial cells (EC)
and basement membrane, few pericytes and smooth muscle cells, causing limited supply of
chemotherapy molecules (CT) and antitumor immune cells but favoring the spread of tumor cells.
Created with BioRender.com.

5.2. Mechanisms of angiogenic hijacking

Angiogenesis rapidly becomes essential for tumor development, which is why the tumor hijacks
some physiological mechanisms to its advantage. This angiogenic switch is triggered by several
factors. Tumor cells have activating mutations of oncogenes such as the RAS family or inhibitory
mutations of tumor suppressor genes such as TP53. These mutations are partly responsible for the
dysregulation of physiological angiogenesis: they increase the expression of VEGFA (also inducible
by hypoxia (HIF-1a)) and reduce the expression of TSP-1 [136]. Hypoxia induces the overexpression
of pro-angiogenic factors, especially VEGFA and PDGEF. In addition, defective tumor new vessels
create a particular metabolic and immunological microenvironment. Hypoxia, resulting from
structural vessel abnormality, reduces the energy metabolism provided by the Krebs cycle, thus
leading to an accumulation of succinate. The latter binds to the GPR91 receptor and stimulates the
vessel growth [147]. Hypoxia allows the recruitment of bone marrow-derived immune cells to tumor
sites, including TAMs, neutrophils, mast cells, and myeloid-derived suppressor cells. These cells
release pro-angiogenic signals such as VEGFA or MMPs [148] and participate in immune tolerance
(Figure 7). Thus, in addition to the secretion of pro-angiogenic factors by the cancer cells, the
microenvironment increases their aggressiveness and angiogenesis.
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Figure 7: The mechanisms of the angiogenic switch. Illustration of some mechanisms hijacked by
tumors to increase their angiogenesis. Release of pro-angiogenic factors (VEGFA, PDGF) and
suppression of anti-angiogenic factors (TSP-1) under the influence of genomic instability of tumors
(activating RAS mutation or inhibiting TP53) and hypoxia. Recruitment of immune cells from the
bone marrow to tumor sites and secretion of pro-angiogenic factors (VEGFA, MMP) under hypoxia.
Induction of hypoxia by abnormal tumor vessels and decrease in energy metabolism. Development
of angiogenesis by accumulation of succinate and binding to its GPR91 receptor. TAM = Tumor
Associated Macrophages, Neutro = Neutrophils, Masto = Mast Cells, MDSC = Myeloid Derived
Suppressive Cells, MMP = Metalloproteinases, SMC = Smooth Muscle Cells. Created with
BioRender.com.

The endothelial lining of tumor blood vessels arises from the proliferation of normal endothelial
cells from the surrounding tissue. Thus, the change in phenotype of these endothelial cells, in a tumor
context, is due to the microenvironment and to epigenetic factors. In mouse models, identical human
colon adenocarcinoma tumors implanted in the liver or skin show different tumor endothelial
phenotypes. The vessels of the hepatic tumor are narrower and more permeable than those of the
subcutaneous tumor. The number of leukocytes in the liver tumor and the amount of VEGFA mRNA
are decreased compared to the subcutaneous tumor [149]. The phenotype of tumor vessels generated
during cerebral or subcutaneous implantation of human glioblastoma, rhabdomyosarcoma and
murine mammary carcinoma tumors differs depending on the tissue [150]. These two studies
demonstrate the role played by the microenvironment of the receiving tumor tissue. Tumor cell
conditioned medium leads to epigenetic alteration of gene expression in cultured endothelial cells
[151,152]. The gene expression profiles in primary cultures of isolated glioblastoma endothelial cells
differ from those of endothelial cells from normal brain tissue are different [153,154]. The epigenetic
profile of tumor endothelial cells is thus influenced by the tumor environment. In addition, the
endothelial cells of tumor blood vessels are genetically reprogrammed. Endothelial cells isolated
from human melanoma and liposarcoma xenografts exhibit aneuploidy and multiple centrosomes.
These CD31+ cells express lower levels of TIE1 and TIE2, proliferate faster, have lower serum
requirements, and are more sensitive to FGF and EGF than normal endothelial cells. These important
findings suggest that genetic alterations of tumor endothelial cells influence the cell phenotype [155].
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Tumors can take up endothelial cells from existing blood vessels and change the phenotype of the
endothelium [156]. In some tumors, the vessels are lined by tumor cells instead of endothelial cells.
In glioblastoma, a significant proportion of the endothelial cells associated with the tumor vessels are
of neoplastic origin. Neural stem cells of glioblastoma promote angiogenesis by releasing VEGFA
and differentiating into a tumor endothelial phenotype. These cells connect to tumor vessels and the
resulting hybrid vessels are functional [157]. This differentiation mechanism, termed vascular
mimicry, is unclear, but the presence of intravascular tumor cells interferes with targeted anti-
angiogenic therapies [136,158].

5.3. Anti-angiogenic therapies and their limits

Over the past decades, angiogenesis has emerged as critical strategy in oncology. The aim of
anti-angiogenic therapy is to starve tumors by disrupting their oxygen and nutrient supply,
ultimately reducing tumor proliferation. Angiogenesis is tightly regulated by a delicate balance of
activating and inhibiting signals, as discussed earlier. However, in tumor tissue, VEGFAuss is often
overexpressed as the main vascular growth factor. VEGFA1s promotes angiogenesis and tumor
growth by binding to and activating VEGFR1 and VEGFR2 thereby initiating a cascade of signaling
events. To counteract these effects, a range of anti-VEGFA16s/VEGFRs agents have been developed.
They demonstrate potent efficacy in inhibiting angiogenesis and suppressing tumor growth in
preclinical models. As a result, several anti-VEGFAie/VEGFRs have gained approval for the
treatment of various cancers.

Bevacizumab (BVZ, Avastin®) is a humanized monoclonal antibody directed against
biologically relevant VEGFA isoforms. It is commonly used as a standalone therapy or in combination
with chemotherapy in colorectal and ovarian cancer. The addition of bevacizumab to chemotherapy
improves patient survival and response rates in colon [159] and ovarian [160] cancers. In some cases
of glioblastomas, bevacizumab is used as monotherapy. It was also combined with with IFN-a-2a for
the treatment of metastatic renal carcinomas, [161,162], but its use in this context is no longer
prevalent. Bevacizumab is now used for renal cancer in combination with atezolizumab (Tecentriq®),
an anti-PDL1 antibody [163]. Other compounds target the tyrosine kinase activity of VEGFA
receptors. Sunitinib (Sutent®) inhibits VEGFR1, VEGFR2 and VEGFR3, as well as other receptors
with tyrosine kinase activity (PDGFR, CSFR1, c-KIT, etc.), downstream of the signaling of several
pro-angiogenic factors. It is approved for the treatment of metastatic renal cell carcinoma and
advanced neuroendocrine pancreatic cancer. Other multi-kinase treatments such as pazopanib
(Votrient®), vandetanib (Caprelsa®) or sorafenib (Nexavar®) are used for the treatment of various
metastatic cancers (kidney, thyroid, liver, etc.).

Despite an initial period of clinical benefit with improved progression-free survival and tumor
regression, none of these treatments resulted in complete cure. The treated primary tumors relapse
and persistent malignant cells proliferate and disseminate in distant healthy tissues, giving rise to
metastases. The mechanisms of resistance in tumors are not fully understood to date. They involve
events related to the tumor microenvironment, intrinsic resistance associated with the redundancy
of pro-angiogenic factors and acquired resistance leading to tumor revascularization.

Tumor cells use alternative pro-angiogenic factors independent of the VEGFA/VEGEFR pathway
to resist conventional anti-angiogenic therapies. When the VEGFA/VEGEFR pathway is blocked, other
pro-angiogenic factors restore tumor angiogenesis. In experimental models of pancreatic cancer in
mice, antibodies blocking the VEGFR2 receptor initially inhibit tumor growth. At an advanced stage
of the disease, the tumors become resistant and progress. This resistance is correlated with the
overexpression of FGF1 and FGF2. However, tumors treated with an FGF inhibitor alongside with
the VEGFR2 inhibitor show reduced revascularization and tumor progression compared to tumors
treated with the VEGFR2 inhibitor alone [164]. These findings highlight the importance of targeting
multiple pro-angiogenic pathways to overcome resistance and improve treatment outcomes.

Kidney cancer cells overexpress several redundant pro-angiogenic factors, including VEGFA
and the cytokine CXCLS8, compared to healthy tissues. In cellular models of kidney cancer,
bevacizumab traps VEGFA and increases the compensatory production of pro-angiogenic
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ELR+CXCL cytokines. In experimental kidney cancer in mice, anti-VEGFA accelerates tumor growth
but when combined with an anti-CXCL8 antibody, tumor growth is inhibited. In animals treated with
bevacizumab, the density of tumor blood vessels is decreased while the density of tumor lymphatic
vessels is increased. This phenomenon is accompanied by an increase in the levels of the main
lymphangiogenic factors VEGFC and VEGFD. Conversely, treatment with anti-CXCLS, either alone
or in combination with bevacizumab, reduces the levels of VEGFC. Furthermore, the expression of
the receptor-type protein-tyrosine phosphatase-k (RPTP-x), an inhibitory EGF receptor (EGFR)
phosphatase, is decreased in cells from bevacizumab-treated tumors [165].

MBs, like kidney cancer, are highly vascularized tumors that overexpress several members of
the VEGF family and many other markers of angiogenesis (VEGFB, VEGFC, FGF, angiopoietin).
However, the response rate of anti-angiogenic treatments in these tumors is low, mainly because of
the redundancy of angiogenic factors. Furthermore, these treatments can have detrimental effects on
the development of children making their use challenging [166]. Recent experiments have
demonstrated the potential of bevacizumab in the treatment of pediatric MB patients who experience
relapse. When used in combination with metronomic chemotherapy, bevacizumab has shown
promise in improving outcomes for these patients [167]. However, despite these positive results,
bevacizumab in this context is not a curative chemotherapy. Another multi-kinase inhibitor, axitinib
(Inlyta®), has shown relevant effects on the development of experimental MBs in mice [168,169].

The evasion of tumor from therapies targeting the VEGFA/VEGEFR axis may attributed to several
factors: increased activation of EGFR; the development of lymphangiogenesis which provides an
additional route for metastatic dissemination; the production of compensatory pro-angiogenic factors
(FGF, VEGEFB, angiopoietins, cytokines of the ELR+CXCL family) to counteract the effects of VEGFA
inhibition (Figure 8).

Most anti-angiogenic approaches focus on inhibiting the signaling of pro-angiogenic factors.
However, tumor cells have an arsenal of strategies to evade the effects of anti-angiogenics. Due to the
limited efficacy of these anti-angiogenic therapies in certain types of cancers including MB, there is a
need for the development of new strategies to overcome resistance and improve treatment outcomes.
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Figure 8: Expression of multiple tumor pro-angiogenic factors responsible for evasion of anti-
VEGFA/VEGER treatments. Illustration of the expression of pro-angiogenic factors that compensate
VEGFA by the tumor, thus explaining the limitation of conventional therapies (such as bevacizumab
or sunitinib) targeting the VEGFA/VEGEFR axis. These redundant factors are the other members of the
VEGEF family, FGFs, the cytokine CXCLS, angiopoietins (Ang). Created with BioRender.com.

6. From molecular pathology to targeted therapies

The current approach to cancer treatment lacks the ability to adequately address the inter-tumor
heterogeneity observed in different subgroups and subtypes of patients. Therapeutic approaches
must therefore be further developed in order to fight tumors more specifically without affecting
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healthy tissue. The previously described molecular definition of subgroups and subtypes paved the
way for the development of more specific therapies in the era of personalized medicine (Figure 1;

Table 1; Table 2).
Table 2. Clinical trials referencing new treatments under study against pediatric MB.
Reference Title Phase Enrollment Intervention/treatment type
NCT00602667 Risk-Adapted Therapy for Young Children 2 293 Drug: Induction Chemotherapy
with Embryonal Brain Tumors, Choroid Drug: Low-Risk Therapy
Plexus Carcinoma, High Grade Glioma Drug: High-Risk Therapy
or Ependymoma Drug: Intermediate-Risk Therapy
NCT01878617 A Clinical and Molecular Risk-Directed 2 660 Radiation: Craniospinal Irradiation with boost to the primary tumor site
Therapy for Newly Diagnosed Drug: Cyclophosphamide
Medulloblastoma Drug: Cisplatin
Drug: Vincristine
Drug: Vismodegib
Drug: Pemetrexed
Drug: Gemcitabine
Other: Aerobic Training
Other: Neurocognitive Remediation
NCT02017964 Combination Chemotherapy in Treating 2 26 Drug: Carboplatin
Younger Patients With Newly Other: Cognitive Assessment
Diagnosed, Non-metastatic Drug: Cyclophosphamide
Desmoplastic Medulloblastoma Drug: Etoposide
Other: Laboratory Biomarker Analysis
Drug: Methotrexate
Drug: Vincristine Sulfate
NCT02066220 International Society of Paediatric Oncology 2;3 360 Radiation: Radiotherapy without Carboplatin
(SIOP) PNET 5 Medulloblastoma Drug: Reduced-intensity maintenance chemotherapy
Radiation: Radiotherapy with Carboplatin
Drug: Maintenance chemotherapy
Radiation: WNT-HR < 16 years
Radiation: WNT-HR >= 16 years
Drug: Induction Chemotherapy
Radiation: SHH-TP53 M0
Radiation: SHH-TP53 M+ (germline)
Radiation: SHH-TP53 (somatic)
Drug: Vinblastin Maintenance
Table 2 (cont.)
Reference Title Phase Enrollment Intervention/treatment type
NCT02238899 Multicenter Register for Children and 354
Young Adults With Intracranial
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Localized Medulloblastoma, CNS-PNET

or Ependymoma
NCT02255461 Palbociclib Isethionate in Treating Younger 1 35 Drug: palbociclib isethionate
Patients With Recurrent, Progressive, or Other: pharmacological study
Refractory Central Nervous System Other: laboratory biomarker analysis
Tumors
NCT02271711 Expanded Natural Killer Cell Infusion in 1 12 Other: Laboratory Biomarker Analysis
Treating Younger Patients With Biological: Natural Killer Cell Therapy
Recurrent/Refractory Brain Tumors
NCT02359565 Pembrolizumab in Treating Younger 1 110 Procedure: Diffusion Tensor Imaging
Patients With Recurrent, Progressive, or Procedure: Diffusion Weighted Imaging
Refractory High-Grade Gliomas, Diffuse Procedure: Dynamic Contrast-Enhanced Magnetic Resonance Imaging
Intrinsic Pontine Gliomas, Procedure: Dynamic Susceptibility Contrast-Enhanced Magnetic Resonance
Hypermutated Brain Tumors, Imaging
Ependymoma or Medulloblastoma Other: Laboratory Biomarker Analysis
Procedure: Magnetic Resonance Spectroscopic Imaging
Biological: Pembrolizumab
Procedure: Perfusion Magnetic Resonance Imaging
NCT02724579 Reduced Craniospinal Radiation Therapy 2 45 Drug: Cisplatin
and Chemotherapy in Treating Younger Drug: Cyclophosphamide
Patients With Newly Diagnosed WNT- Other: Laboratory Biomarker Analysis Drug: Lomustine
Driven Medulloblastoma Radiation: Radiation Therapy
Drug: Vincristine
Drug: Vincristine Sulfate
NCT03130959 A Study to Evaluate the Safety and Efficacy 2 166 Biological: Nivolumab
of Nivolumab Monotherapy and Biological: Ipilimumab
Nivolumab in Combination With
Ipilimumab in Pediatric Participants
With High Grade Primary Central
Nervous System (CNS) Malignancies
(CheckMate 908)
NCT03500991 HER2-specific CAR T Cell Locoregional 1 48 Biological: HER2-specific chimeric antigen receptor (CAR) T cell
Immunotherapy for HER2-positive
Recurrent/Refractory Pediatric CNS
Tumors
NCT04023669 Evaluation of LY2606368 Therapy in 1 21 Drug: Prexasertib
Combination With Cyclophosphamide Drug: Cyclophosphamide
or Gemcitabine for Children and Drug: Gemcitabine
Adolescents With Refractory or Biological: filgrastim
Recurrent Group 3/Group 4 or SHH Biological: peg—filgrastim
Medulloblastoma Brain Tumors
NCT04743661 1311-Omburtamab, in Recurrent 2 62 Drug: Irinotecan

Medulloblastoma and Ependymoma Drug: Temozolomide
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Drug: Bevacizumab
Drug: Omburtamab I-131
Drug: Liothyronine
Drug: SSKI
Drug: Dexamethasone
Drug: Antipyretic
Drug: Antihistamine

Drug: anti-emetics

6.1. WNT subgroup medulloblastomas

WNT MBs have a looser BBB than other MBs. This feature contributes to the ability of
chemotherapy to penetrate the CNS and these patients have a good prognosis [15]. The WNT
pathway plays an important role in tissue regeneration and bone repair during development [170].
Therefore, therapies targeting the WNT pathway are not currently developed for MB. Due to the
good prognosis of these patients, clinical trials (NCT02724579, NCT02066220 and NCT01878617) are
ongoing that aim to reduce the dose of radio- and chemotherapy (therapeutic de-escalation) and
improve the quality of life of these patients without compromising their prognosis.

6.2. SHH group medulloblastomas

Constitutive activation of the SHH pathway is favorable for the development of SMO inhibitors.
However, inhibitors such as vismodegib or sonidegib are ineffective when tumors carry SUFU or GLI
mutations (see 3.2.2) ([171]; [172]. In addition, vismodegib causes bone and dental problems,
disproportionate growth and early puberty that persist long after treatment is discontinued [173].
Patient stratification at diagnosis is therefore essential to avoid unnecessary side effects in patients
who do not respond due to the genetic characteristics of their tumor. Efforts are being made in the
preclinical phase to get rid of these resistances. Itraconazole and arsenic trioxide, two agents in
clinical use, inhibit SMO activity and certain GLI mutations responsible for the resistance to
vismodegib and sonidegib. Itraconazole targets the intracellular part of SMO, and arsenic trioxide
inhibits GLI2. These inhibitors, alone or in combination, inhibit the growth of MB SHH and prolong
the survival of mice that are naive or resistant to SMO inhibitors [174]. These inhibitors are FDA-
approved, and their toxicity is known. Their repositioning in the MB SHH would thus be facilitated
and represents hope for patients with mutations downstream of SMO.

6.3. Group 3/4 medulloblastomas

The limited understanding of tumorigenesis in these subgroups limits the development of new
targeted therapies. However, there is an urgent need to offer patients new alternatives. One of the
first ways is to tailor treatments to patients’ risk. The NCT01878617 clinical trial proposes pemetrexed
and gemcitabine for newly diagnosed intermediate- and high-risk patients who have first received
radiotherapy and standard chemotherapy. For relapsed MB, prexasertib (inhibitor of checkpoint
kinase-1 and -2 proteins involved in cell cycle regulation) is offered in combination with
cyclophosphamide (trial NCT04023669) [175].

However, these strategies are not specific to these subgroups. Targeting MYC, which is
frequently mutated in these patients, would be particularly important. The bromodomain inhibitor
JQ1 blocks MYC activity in mice [176]. Currently, no clinical trials are being conducted in MB. Other
bromodomain inhibitors (CPI-0610 and MK-8628) are in phase 1 clinical trials in hematological
malignancies, prostate cancer, breast cancer, non-small cell lung cancer and glioblastoma.

MBs with MYC mutations appear to rely on CDK4/6 for their proliferation. In Group 3,
palbociclib, a potent CDK4/6 inhibitor in a mouse model [177], has been clinically tested in MB and
other brain tumors (NCT02255461). This drug is FDA-approved for breast cancer. However, this
treatment does not seem to benefit patients with MB [178].
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The development of new, more targeted alternatives for these subgroups of patients remains
urgent, given their unfavorable prognosis.

However, given the significant efficacy of current therapies and the lack of prospects for these
new targeted therapies, they are only available when patients relapse, regardless of the subgroup.
However, they may have fewer side effects for young patients. Moreover, the number of targeted
therapies currently on the market is insufficient, despite considerable preclinical efforts. These
therapeutic approaches need to be further developed to achieve better efficacy of treatments by
reducing their toxicity.

7. What about immunotherapies?

Cancer immunotherapy aims to stimulate and improve the patient's anti-tumor immune
response by preserving healthy tissue. It is now considered a new pillar of cancer treatment and is
already used clinically for the treatment of lung, melanoma and kidney cancers. However, its use in
brain tumors is not yet well known. There are different types of immunotherapies, e.g. immune
checkpoint inhibitors, natural killer (NK) cells, CAR-T cells (Chimeric Antigen Receptor T cell),
cancer vaccines, oncolytic viruses and immunomodulators (e.g. cytokines or antibodies) [179] (Figure
1; Table 2).

7.1. WNT subgroup medulloblastomas

To escape the response of T lymphocytes, cancer cells up-regulate the expression of immune
checkpoints (e.g. PDL1, or B7). This immunosuppressive mechanism, hijacked by the tumor cells, is
designed to attenuate the immune response, and prevent autoimmunity. Inhibition of these
checkpoints enables reactivation of the antitumor immune system.

Among the best-known immune checkpoints, the binding of PDL1 (Programmed cell death
ligand 1) to its receptor PD1 (Programmed cell death protein 1) plays an important role. PDL1 is
expressed by tumor cells, binds to its PD1 receptor on T lymphocytes (LT) and activates it. PD1 is
also expressed by B cells (B cells), activated monocytes, dendritic cells, and NK cells [180]. This
binding therefore represents a potential therapeutic target.

Overall, MBs express low levels of PDL1. However, this expression correlates with reduced
infiltration of CD8+ T cells and poor prognosis [181]. PDL1 expression seems to be related to the MB
subgroups. SHH tumors express high levels, whereas groups 3 and 4 display low levels. An
inflammatory microenvironment is required to induce PDL1 expression in these tumors. Interferon
gamma (IFN-g) stimulates TH1 cytokines, which induce PDL1 expression in MBs of SHH subgroup
[182]. The efficacy of anti-PDL1 in mice depends on the timing of treatment. They are effective from
day 7 after transplantation but are ineffective at the time of tumor inoculation. In mice, SHH tumors
have distinctly inflammatory microenvironment compared to the tumors of groups 3 and 4.
Nevertheless, group 3 tumors respond better to anti-PD1 due to greater infiltration of PD1+ CD8+ T
cells and increased survival [183]. The lack of response to anti-PD1 in SHH tumors may be related to
the presence of MDSC (Myeloid-Derived Suppressor Cells) and TAM (Tumor Associated
Macrophages) involved in immune tolerance via inhibition of the T response [183,184]. Group 3
patients would therefore respond better to immunotherapy, while SHH patients could be resistant
to anti-PD1 therapies. The genetic subgroup, the tumor microenvironment and the timing of
administration are thus parameters that need to be considered to improve the effect of this therapy.

Clinical trials are currently underway in MB and other CNS tumors. The NCT02359565 phase I
clinical trial is investigating the efficacy of the anti-PD1 monoclonal antibody, pembrolizumab
(Keytruda®) in children and young adults with recurrent brain tumors including MB. A phase II
clinical trial (NCT03173950) is investigating the efficacy of nivolumab (Opdivo®), another anti-PD1
monoclonal antibody, in adults. Finally, the NCT03130959 phase II clinical trial is investigating the
effect of nivolumab, alone or in combination with ipilimumab (or Yervoy®, an anti-CTLA4).

The CTLAA4 receptor (Cytotoxic T-Lymphocyte Antigen 4 protein) is also an immune checkpoint.
It is expressed by LTs and its interaction with B7 (on antigen-presenting cells or tumor cells)
transduces an inhibitory signal to lymphocytes. Inhibition of this binding is also a therapeutic way to
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reactivate the antitumor immune system. B7-H3, a glycoprotein of the B7 family, is overexpressed in
all subgroups of MB [185]. Two ongoing clinical trials (NCT04167618 and NCT04743661) are
investigating the effect of radiotherapy coupled with anti-B7-H3 immunotherapy (radiolabeled
monoclonal antibody) intrathecally in MB [186].

The use of immune checkpoint inhibitors is poorly documented in MB. However, it may be held
out as hope, given the urgency to develop less toxic alternative therapies for patients.

Preclinical studies show that the efficacy of new potential treatments must be evaluated and
optimally adapted depending on the genetic subgroup of MB. However, in the current clinical trials,
this stratification is not performed. In addition, the small number of MB models in immunocompetent
mice limits these types of studies.

7.2. Natural Killer NK cells

NK cells are cytotoxic lymphocytes that are able to recognize and lyse damaged “self” and “non-
self” cells such as tumor cells. This lysis occurs via the perforin/granzyme and the IFNg pathways.
NK cells express germline-encoded activating and inhibitory receptors. Inhibitory receptors (KIR,
Killer cell Ig-like Receptors) recognize major histocompatibility complex class I (MHC-I) and make
NK cells resistant to healthy tissue and self-proteins. Activation receptors recognize activating signals
generated by damaged, infected, or cancerous cells. They also secrete inflammatory and
immunosuppressive cytokines that control the adaptive immune response [187].

Autologous NK cells can be harvested, activated, propagated, and genetically modified to
increase their antitumor activity, and then returned to the patient. This technique is particularly
effective in hematological malignancies and solid tumors [188].

MB cell lines express NK-activating ligands. In particular, the Daoy cell line has high level of
NKG2D ligands, an activating NK receptor, responsible for its lytic activity. This property leads to
the lysis of MB cells by activated human NK cells in vitro. The lysis is independent of the presence of
the CD133 stemness marker [189]. Moreover, NK cells induce apoptosis of human MB tumor cells in
the cerebellum of immunodeficient NSG mice. These tumors show a decreased expression of MHC-
I, making them more sensitive to lysis by NK [190]. NK-based immunotherapy is therefore an
effective approach both on the primary tumor and on the tumor stem cells responsible for self-
renewal. However, MB cells also generate immunosuppressive signals (such as TGF-b), so their
elimination by NKs is incomplete. Creating NK cells that express a dominant-negative TGF-b allows
this inhibiting signal to be ignored [191]. Genetically modified NKs therefore present an advantage
and guide the development of an immune strategy.

A phase 1 trial (NCT02271711) is currently attempting to evaluate the efficacy of autologous NK
cells activated ex vivo (with artificial antigen-presenting cells) and injected into the cerebellum of
children with relapsed or refractory disease [175]. The outcome of this trial will provide a first insight
into the effect of NK immunotherapy in patients.

7.3. CAR-T cells

CAR-T cell therapy consists of:

- Collecting autologous or allogeneic T cells by apheresis and genetically modifying them to
express tumor antigen-specific receptors (CARs) by viral transduction;

- Amplifying these LTs and reinjecting them into the patient after lymphodepletion, which
promotes the expansion and persistence of the CAR-Ts. Thus, these CAR-Ts enable a specificimmune
response against cancer cells.

The use of CAR-Ts has shown efficacy in hematological malignancies (especially with anti-
CD19/CD20 CAR-Ts). However, one of the main side effects is cytokine release syndrome associated
with reversible neurological damage after treatment [192,193]. Their efficacy is controversial in solid
tumors. Extensive preclinical studies are needed to identify tumor-specific antigens that are not
expressed by healthy tissue.

In MB, one of the interesting targets is the receptor tyrosine kinase ERBB2 (HER2). Although all
MBs present ERBB2 mRNA, the HER2 protein is expressed by 40% of MBs and is associated with a
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poor prognosis [194]. However, this receptor is undetectable in normal developing cerebellum
[195,196]. 1t is therefore a relevant target for the development of CAR-Ts. Low-dose anti-HER2 CAR-
Ts lead to rapid regression of experimental MB in mice. These immunodeficient mice, treated with
CAR-Ts directly in the cerebellum show no systemic toxicity [197]. A phase 1 clinical trial is currently
ongoing (NCT03500991) to investigate the effect of anti-HER2 autologous anti-HER2 CD4+ and CD8+
CAR-Ts in patients with relapsed/refractory HER2-positive MB.

Similarly, EPHA2, HER2 and IL13Ra2 targets are expressed by MBs (and ependymomas), but
not by the developing healthy brain. CAR-T EPHA2, HER2 and IL13Ra2 cells, alone or in combination
into the CSF are effective against primary, metastatic, and recurrent group 3 MB in mouse models (as
well as ependymomas) [198].

Adoptive LT therapy is therefore very promising for the treatment of MB. This therapy is
tailored to each patient and LTs can pass through the BBB and infiltrate the brain [186]. However,
tumors can negatively regulate the antigenic target and patients can develop resistance, as in
leukemia [199]. To overcome antigenic escape, multi-variant CAR-Ts can be developed, as previously
described for EPHA2, HER2 and IL13Ra2 CAR-Ts. In addition, adverse effects on MB are not known,
so implementation of CAR-T strategy should be considered with caution.

8. Conclusions

In conclusion, a significant proportion of patients with MB remain incurable, despite ongoing
clinical trials. Treatment resistance and relapse are common due to the inherent heterogeneity of the
disease. Relapse is associated with a poor outcome in metastatic patients.

While various therapeutic approaches have been developed, understanding the mechanisms of
lymphatic system metastasis in MB could significantly enhance the effectiveness of immune-based
therapies such as immune checkpoints and CAR-T cell therapy. Targeting the lymphatic system and
its interactions with immune cells may improve immune responses against MB and reduce the
incidence of metastases.

Further investigations are necessary to fully understand the complexity of the lymphatic system
in MB. By expanding our knowledge in this area, we can potentially enhance treatment strategies and
improve outcomes for patients with MB.
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