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Abstract

Purpose of the Review Intratumoral pericytes (PC) do not share the same tumor niche as peritumoral PC. Furthermore, glio-
blastoma multiforme (GB) cells do not seem to affect them equally. Therefore, for a better understanding of the effects of GB on
PC, in this chapter, we will classify them according to whether they are intratumoral or peritumoral PC, focusing mainly on
peritumoral effects, which seem to have better future prospects for finding effective therapies in GB cancer.

Recent Findings Recently, it has been shown that PC could be the main target of the tumor infiltration front and have a
fundamental role in the proliferation, expansion, and survival of the tumor, as well as in the regulation of anti-tumor immune
responses. Modulation of the immune function of PC through molecular mechanisms such as chaperone-mediated autophagy
(CMA) seems to be essential to prevent an immunosuppressive microenviroment that facilitates tumor growth.

Summary GB is the most frequent and aggressive brain tumor. In the last years, PC have been gaining special attention due to
their role in GB progression. GB cells infiltrate away from the tumor core more often and faster when they are associated with
perivascular cells. However, to find targeted therapies against PC to promote their brain defense function and improve anti-tumor
immune responses requires a better understanding of the heterogeneity, markers, and distribution of PC at origin.

Keywords Pericytes - Glioblastoma - Peritumoral - Intratumoral - Immune evasion - Autophagy - Chaperone-mediated
autophagy - Perivascular cells - Immunosuppressive function - Tumor immune tolerance - Anti-tumor responses - Tumor
infiltration front - Tumor niche - Vessel co-option - Anti-inflammatory response

Introduction ated from astrocytes, oligodendrocyte progenitor cells, and
neural stem cells [2, 3]. The limits of the tumor are diffuse
everywhere and the name “multiform” refers to the variability

of the histological morphology of GB, which has rounded and

Glioblastoma Multiforme

Glioblastoma multiforme (GB) is the most frequent and ag-
gressive brain tumor. Patients survive 15 months on average
and less than 5% survive 5 years [1]. The cellular origin of GB
is unknown, but some studies suggest that it could be gener-
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spindle-shaped cells, small or very large [4]. GB is character-
ized by a highly variable appearance due to the presence of
small areas of necrotizing tissue that are surrounded by cells
with poor cellular differentiation and tumor stem cells infil-
trated by blood vessels (Fig. 1). GBs are frequently formed in
the subcortical white matter of the cerebral hemispheres and,
during their development, tumor cells infiltrate and invade the
brain parenchyma interacting with cells from perivascular
areas. GB tumor cells establish a functional network of
microtubes with the cells surrounding the tumor to ensure
intercommunication and supply of organelles and nutrients
required for tumor survival [5, 6°°, 7, 8].

Clinically, the disease is characterized by progressive neu-
rological deficits whose nature depends on the location of the
tumor. Recently, it has been shown that GB cells also affect
neurons with the network of tumor microtubes (TMs) causing
neurodegeneration in a process defined as “vampirization.”
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Fig. 1 PC in the intratumoral and
peritumoral areas. An original
drawing of the brain with GB is
shown at the top. Examples of
intratumoral and peritumoral
areas of GB are indicated with red
boxes. Below is a schematic
drawing of the PC characteristics
of each environment. In the
intratumoral area, PC derived
from GB stem cells predominate,
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which mediate the effects for
tumor survival, such as
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In contrast, in the peritumoral
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allow survival and growth of the
tumor infiltration front
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GB cells establish a positive feedback loop through cJun N-
terminal kinase (JNK)/matrix metalloproteinase (MMP) sig-
naling with vampirized neurons to promote their expansion
[9¢].

Several mechanisms that allow the progression of GB have
been reported [10—14]. The high heterogeneity of GB cells
prevents that the applied treatments to eliminate the cancer
progression (resection, radiotherapy, and chemotherapy with
temozolomide) can be successful. Furthermore, GB evades
the immune system by preventing anti-tumor immune re-
sponses and supporting malignant growth, which is a major
obstacle to successful immunotherapy [6°°, 15-18].

Immune Evasion of GB

The immune system is highly specialized in the recognition of
foreign antigens and unhealthy cells, including tumor cells.
However, cancers have developed different strategies to sup-
press the anti-tumor immune response, escaping recognition
of the immune system.

Tumor cells induce several mechanisms in the tumor micro-
environment (TME) that alter innate and adaptive anti-tumor
immune responses. These mechanisms include downregulation
of the major histocompatibility complex (MHC) expression and
polarization of macrophages to an M2 immunosuppressive
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phenotype, decreased T cell activation and proliferation, induc-
tion of anergic T cells, and differentiation of T regulatory cells
(Tregs) [10, 19, 20+¢]. GB cells are able to evade anti-tumor T
cell responses by several mechanisms, such as increased infiltra-
tion of Tregs and T cells with high expression of PD-1 (pro-
grammed cell death protein 1) and CTLA-4 (cytotoxic T
lymphocyte-associated protein 4), by preventing the processing
and presentation of antigen on MHC-class I and upregulating the
PDL1 expression, the PD-1 receptor ligand, and negative regu-
lator of the T cell activation [10, 21, 22].

It is well-known that the microenvironment of the brain
tumor is characterized by the secretion of a variety of anti-
inflammatory molecules, not only by tumor cells themselves
but also by other peritumoral cells previously conditioned by
the tumor. These peritumoral cells are peripheral immune cells
(i.e., tumor-associated macrophages (TAMs), myeloid-
derived suppressor cells (MDSC), Tregs, and T cells), and
various specialized organ-resident cells including astrocytes,
microglial cells, and pericytes (PC) [6ee, 15, 17].

Immune Function of PC
In the last years, PC have been gaining special attention due to

their role in GB progression. In the brain, PC are located on
the abluminal wall of microvessels and venules, forming part
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of the blood-brain barrier (BBB) together with astrocytic
endfeet and endothelial cells. PC are heterogeneous in their
morphology, distribution, molecular markers, origin, and
function [23]. At least two PC subsets have been described
in brain microvessels: type-1 and type-2 PC, which are distin-
guished by Nestin gene expression [24, 25].

The BBB forms a neurovascular unit that regulates homeo-
stasis of the central nervous system [26-28]. PC contribute to
the maintenance of the BBB integrity through the elimination
of toxic products, the regulation of vesicle trafficking, and the
control of the expression of endothelial tight junction and
adherens proteins [26, 28-31].

PC are contractile cells that regulate the tone and morphol-
ogy of the vessels [29, 32] and are involved in new vessel
formation during angiogenesis [33]. PC have stem cell-like
properties [34—36] and release pro-regenerative growth factors
and extracellular vesicles [31, 37, 38].

PC show immune properties, both innate and adaptive, and
represent an immune defense in the brain modulating neuro-
inflammation [39—42]. They can respond to pro-inflammatory
stimuli and are able to sense different types of danger due to
the expression of functional pattern recognition receptors
(PPRs), contributing to the onset of innate immune response.
PC show interconvertible properties with macrophages [43]
and have the ability to promote inflammation in response to
brain damage [27, 38], enhancing BBB disruption through
paracrine secretion of several vasculotoxic molecules and re-
active oxygen species (ROS) [27, 31, 38]. In this context, PC
not only secrete a variety of chemokines and cytokines but
also overexpress adhesion molecules such as intercellular ad-
hesion molecule-1 (ICAM-1) and vascular cell adhesion
molecule-1 (VCAM-1), which guide innate immune cells af-
ter transendothelial migration across vessel walls, facilitating
their co-stimulation [44]. It has been reported that in response
to interferon-gamma cytokine (IFN-y), PC upregulate the ex-
pression of ICAM-1 and MHC class I and II molecules, ac-
quiring the capacity to present antigen to T cells, whereas
under exposure to tumor necrosis factor-alpha (TNF-x), PC
upregulate levels of VCAM-1 [39]. In addition to a role in
innate immune responses, PC are also involved in adaptive
immune responses [38, 43]. PC seem to be able to anergize T
cells, at least in part, through the expression of PDL-1 and are
able to modulate Tregs creating an immunosuppressive mi-
croenvironment [44].

Effects of GB on PC

It is currently known that the neurovascular unit represents the
perivascular niche, a privileged environment for tumor sup-
port, expansion, and growth, where cells with stem cell prop-
erties are found [45]. GB cells infiltrate and invade the brain
parenchyma, interacting with cells of the perivascular space

and brain microvessels, which are composed of endothelial
cells and PC [8, 29, 46], establishing a functional network of
microtubes from GB [5-7] that leads to its progression.
Importantly, PC do not act as a defense against the tumor
progression, but their immune function fails to contribute to
the elimination of GB [6¢e, 20ee, 41, 47¢¢].

An overall analysis of the functional properties of PC re-
veals that these are multifaceted cells with the ability to sig-
nificantly influence tumor development. As a component of
the TME, PC may actively contribute to some classic cancer
hallmarks such as induction of angiogenesis, sustained tumor
growth, metastasis, and evasion of immune system.

But 90% of recurrences in GB occur in the peritumoral area
[48]. The tumor infiltration front [49], classically little studied
and without repercussion in the grade of the tumor stage and
therapeutic decision-making, seems to be a key place to under-
stand GB growth and find targets for new immunological ther-
apies [50]. Therefore, there is a growing interest in studying
more precisely the peritumoral tissue [51] in order to improve
the individualized therapeutic management of each patient.

It has been previously reported that glioma cells use differ-
ent routes of invasion such as intraparenchymal invasion
along white matter tracks [52, 53] or invasion along blood
vessels [52]. GB cells infiltrate away from the tumor core
more often and faster when they are associated with
perivascular cells [54¢].

Recently, it has been shown that PC could be the main
target of the tumor infiltration front and have a fundamental
role in tumor proliferation, expansion, and survival, as well as
in the regulation of the immune system [6ee, 41, 47¢].

Therefore, for a better understanding of the effects of GB
on PC, in this chapter we will classify them according to
whether they are intratumoral or peritumoral PC, focusing
mainly on peritumoral effects which seem to have better future
prospects for finding effective therapies in GB cancer (Fig. 1,
Table 1).

Effects of GB on Intratumoral PC

In pathophysiology, PC have been implicated as mediators of
processes associated with cancer, including angiogenesis and
metastasis [55]. Glioma stem cells (GSC) promote tumor an-
giogenesis by increasing VEGF expression [56], which might
include VEGF release from PC [37, 57]. Type-2 PC have been
described to participate in tumor angiogenesis [58] and seem
to be generated from GSC during angiogenesis process to
allow the development of blood vessels and tumor growth
[13].

GB is one of the most angiogenic tumors, being essential
the hypoxia conditions to trigger tumor angiogenesis. It is
known that hypoxia in TME may recruit PC. Under hypoxia
conditions, GB cells upregulate their production of vascular
endothelial growth factor (VEGF) and basic fibroblast growth
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Table 1 Summary of GB effects

on intratumoral versus Intratumoral PC

Peritumoral PC

peritumoral PC (original table)
Induction of angiogenic function

Induction of cell differentiation

Modulation of immune function to promote

anti-tumor immune evasion:
- CD4" T cell anergy
- RGS5 upregulated
- MHC-1, MHC-II upregulated

- CD40, CD80, CD86 upregulated

- PDL-1 expressed

- Inhibited secretion of IL-4 and IFN-y from CD4* T

cells

- Adhesion molecules ICAM-1 and VCAM-1

upregulated

Conditioning that promotes vessel co-option
Aberrant upregulation of CMA

Promotion to sustain stable cell interactions
Modulation of MSC-like properties:

- Induction of angiogenic function and secretion of
pro-regenerative factors:

- Induction of IL-6, VEGF and angiotensin secretion
-Inhibition of anti-thrombin and SPARC secretion
- Modulation of MSC-like markers expression:
- Sca-1 and CD105 downregulation
- CD90 upregulation

- Increased vesicles secretion and modulation of their
content

Modulation of immune function to promote anti-tumor
immune evasion:

- 1L-10 and TFG-f upregulated

- TNF-o downregulated

- PDL-1 expressed

- Failure to activate T cells

- CD80, CD86 downregulated

- MHC-II downregulated

- IL-4RA and IL-1RN upregulated
Prevention of anti-tumor protein secretion

Induction from tumor-supresor to tumor-promoter

factor (bFGF). VEGF and bFGF induce the recruitment of PC.
VEGF increases the secretion of platelet-derived growth
factor-BB (PDGF-BB) by endothelial cells, and FGF-2 in-
creases the expression of PDGF receptor in PC. Activation
of PDGF receptor by PDGF-BB leads to activation of PC.
These PC then solidify immature vasculatures, making them
less permeable (Fig. 1, Table 1) [57].

Interestingly, under hypoxia conditions such as what oc-
curs in GB, brain PC are able to differentiate into neural and
vascular lineage cells as well as activated microglial cells
[59, 60]. Microglial cells have been demonstrated to be
recruited and activated by the TME, contributing to glioma
growth [61, 62]. Thus, these studies support an important
role of PC, as precursor cells of other stromal cells that
might be facilitating tumor growth as a consequence of
the TME.

On the other hand, intratumoral PC also modulate T cell
responses. Bose et al. (2013) showed for the first time that
GB-derived PC induce dysfunction or anergy of CD4* T
cells, which contributes to the GB immune evasion that
favors progressive tumor growth [40]. This study revealed
that the immunoregulatory phenotype/function associated
with PC in the tumor niche appears to be reinforced by
the cytokine IL-6 and requires of intrinsic expression of
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regulator of G protein signaling 5 (RGSS). Significant over-
expression of RGS5 on GB-derived PC was detected, along
with upregulation of the co-stimulatory molecule CD80 and
the expression of the negative regulator of the anti-tumor T
cell responses, programmed death ligand 1 (PDL-1).
Although IL-6 promoted the expression of MHC-II, it also
promoted a higher co-inhibitory/co-stimulatory molecules ra-
tio in GB-derived PC than in control PC. RGS5 expression
was shown to correlate with induced T cell anergy by tumor-
derived PC. In addition, a significant amount of adhesion
molecules, such as ICAM-1 and VCAM-1, were found in
GB-derived PC, being identified ICAM-1 as responsible of
T cell anergy induction through interaction with LFA-1 of
CD4" T cells [40].

Effects of GB on Peritumoral PC

GB Switches PC Function from Being Tumor Suppressor
to Tumor Promoter

Initially, according to Folkman (1971), it was considered that
tumor growth was only “dependent on angiogenesis,” which
provides nutrients and oxygen to the tumor through blood
flow. But it is currently known that GB can progress without
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angiogenesis [63]. Instead, GB can perform vascular co-
optation, a mechanism by which GB interacts with preexisting
blood vessels by kidnapping them to promote infiltration and
tumor progression. This effect might explain why anti-
angiogenic treatments have a lower effect than expected [64].

In fact, Caspani et al. (2014) show that GB malignancy
proceeds via specific, Cdc42-dependent, and previously un-
known interactions of tumor cells, through actin-based cyto-
plasmic microtubes, with brain PC. This interaction results in
the co-option of modified preexisting blood vessels that sup-
port the expansion of the tumor margin.

In addition, GB cells induce immunomodulatory changes
in PC in a dependent manner on cellular interaction that
changes the function of PC from being tumor suppressor to
tumor promoter (Fig. 1, Table 1) [41]. As a result of their
interaction with GB, PC acquire an immunosuppressive func-
tion that helps to evade the anti-tumor immune response and,
consequently, participate in the promotion of tumor growth
[60e, 41, 47¢, 65].

GB Upregulates Chaperone-Mediated Autophagy Aberrantly
in PC

The GB-induced phenotypic switch of PC from being tumor
suppressor to tumor promoter likely requires major changes in
PC proteome. Proteins are regulated through changes in tran-
scriptional programs as well as through active degradation of
proteins to ensure that specific functions in cells act properly
or are finished. Selective degradation of intracellular proteins
occurs mainly via the ubiquitin proteasome system or through
selective forms of autophagy.

Chaperone-mediated autophagy (CMA) is a selective pro-
cess of lysosomal degradation of soluble cytosolic proteins
with KFERQ-like motifs. These motifs are recognized by
the chaperone heat shock cognate 71 kDa protein (Hsc70)
on the substrate to carry it to the lysosome with the help of
other co-chaperones. The protein substrate binds to the CMA
receptor at the lysosomal membrane; the limiting component
of this pathway known as lysosome-associated membrane
protein type 2A (LAMP2A). The protein is unfolded and
translocated into the lysosome to be degraded with the help
of a resident chaperone Hsc70 in the lysosomal lumen [66,
67].

Regulation of CMA activity is key for proper cell function
and homeostasis, since its downregulation increases the intra-
cellular accumulation of damaged proteins, defective regula-
tion of many cell functions, and defective responses to different
stresses, such as oxidative stress, toxic exposure, or nutrient
deprivation [68—70]. CMA is a degradation pathway that mod-
ulates the function of some immune cells [71, 72], including
PC [47°e].

Studies in our lab on CMA on PC have let us demonstrate
that GB interaction with PC in peritumoral areas promotes a

ROS burst in GB cells that leads to an upregulation of the
CMA receptor expression (LAMP-2A) in PC (Fig. 2). Then,
LAMP2-A is delivered to the lysosomal membrane to upreg-
ulate CMA activity aberrantly in PC [47¢¢]. In this way, the
aberrant upregulation of GB-induced CMA in PC degrades or
interferes with proteins that are required to prevent the estab-
lishment of cell—cell interactions and the specific release of
cytotoxic products that impair growth and survival of GB.
Furthermore, GB-induced CMA changes the immune func-
tion of PC, impairing the generation of anti-tumor immune
responses (Fig. 2) and, thus, switching PC function from being
tumor suppressor to tumor promoter, as described below
[47ee].

GB Ablates the Immune Function of PC

GB has been shown to induce an anti-inflammatory pheno-
type on brain PC [6°e, 47¢¢]. Studies from our lab on the
immune function of PC have revealed high levels of anti-
inflammatory cytokine expression in vitro and in vivo in
brain PC that interact with GB cells. PC secrete high levels
of anti-inflammatory cytokines IL-10 and TGF-f3 when
contacting with GB cells and, conversely, produce hardly
or much lower levels of pro-inflammatory cytokines such
as IL-1, IL-23, IL-12, or TNF-o compared to control PC
[6°]. Incubation of PC with supernatants from GB culture
media is not enough to lead to an anti-inflammatory pheno-
type, which supports that cell—cell interaction between GB
and PC is essential for the acquisition of an immunomodu-
latory phenotype acquired in PC in response to GB [6°°].

GB prevents anti-tumor inflammatory responses in PC as a
result of the aberrant upregulation of CMA in PC. The anti-
inflammatory phenotype of PC contacting with GB is
prevented in CMA-deficient LAMP-2A knockout PC (KO
PC), which show reduced mRNA level expression of 7gf-3
and 7I-10 gene and higher levels of the pro-inflammatory cy-
tokine TNF-a compared to WT PC [47¢¢]. Therefore, GB-
induced CMA is the molecular mechanism responsible for this
immune change in PC (Fig.1).

On the other hand, GB cells also promote expression of
surface membrane molecules that are needed for an acquired
immunosuppressive function in PC that favors tumor growth
[6ee, 47¢¢]. Activated PC have been reported to present
macrophage-like properties acquiring phagocytic activity
and the ability to present antigens to T cells [73—75]. PC gain
some of the immunosuppressive properties of tumor-
associated macrophages, in response to their interaction with
GB cells [6°¢]. In vitro, PC that are interacting with GB cells
express high levels of IL-4RA, IL-1RN, and other membrane
molecules implicated in the inhibition of anti-tumor responses
[6°¢], [76, 77]. The immunosuppressive ligand of PD-1, PDL-
1, which is a negative regulator of T cell activation and has
been associated with glioblastoma progression [10, 78, 79], is
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Fig. 2 Model of the effects of GB-induced CMA on the PC. An original
drawing shows the GB interaction with PC promoting a ROS burst that
induces an aberrant upregulation of the CMA in PC through the
expression of LAMP-2A (big red arrow). The Hsc70 chaperone binds
to KFERQ motifs in CMA substrate proteins and, in a complex with
other co-chaperones, delivers them to the lysosomal membrane where
they interact with LAMP-2A. Then, they are translocated to the
lysosomal lumen assisted by a lysosomal Hsc70 to be degraded. As a
consequence of the induction of CMA by GB, the degradation of specific
proteins modulates the change of the PC function from tumor-suppressor
to tumor-promoter. GB-induced CMA promotes an immunosuppressive
function in PC that fails to support T cell responses GB (blue arrows).

expressed in PC under resting conditions and its level of ex-
pression is maintained upon GB cell interaction in vitro and
in vivo [6°¢]. However, the expression of the co-stimulatory
molecules for promotion of effective anti-tumor T cell re-
sponses such as CD80 and CD86 is significantly reduced in
GB-conditioned PC compared to control PC and dependent
on GB-induced CMA [47¢¢]. Furthermore, the ability of PC to
present antigen to T cells is also affected by GB cell interac-
tion since surface expression of major histocompatibility com-
plex class II molecules (MHC-II) is drastically reduced in PC
co-cultured with GB cells compared to control PC [6¢¢].

Activated PC by inflammatory challenge have the ability to
present antigen on MHC molecules to T cells, regulating the
activity of different T cell populations [39, 40, 80]. But, the
ability of PC to activate T cell responses is suppressed by the
interaction with GB cells through GB-induced CMA (Fig. 2)
[600, 47%].

Then, the acquired anti-inflammatory phenotype and the
expression of an immunosuppressive molecule pattern in
GB-conditioned PC interacting with GB cells in peritumoral
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Modulation of the PC proteome eventually results in changes in programs
of gene expression that include upregulation of the anti-inflammatory
cytokines TGF-f3 and IL-10, which exert a negative regulation on T
cells and antigen-presenting cells. T cell activation and proliferation are
affected and regulatory T cells are generated (blue arrows). The absence
of co-stimulatory molecules, such as CD80 and CD86, and the expression
of the negative regulator PDL-1 also facilitate an immunosuppressive
function in PC. GB-induced CMA in PC also inhibits the secretion of
proteins that may have anti-tumor activity, stabilizes GB-PC interaction
to facilitate tumor growth, and modulates their MSC-like properties such
as increasing in the secretion of vesicles with pro-regenerative factors that
assist tumor proliferation (white arrows)

area result in a failed antigen presentation to activate T cells.
In vitro studies from our lab have shown that this effect is
mediated by GB-induced CMA [47¢¢]. In fact, CD4" T cells
are defective in proliferation and IL-2 cytokine production
when co-cultured with antigen-loaded antigen-presenting cells
(APCs) in the presence of GB-conditioned PC. By contrast,
CD4* T cells are activated properly, producing high levels of
IL-2 and proliferating in response to APCs and in presence of
control PC [6¢¢]. This implies that, when PC are in contact with
GB cells, they not only show a reduced ability to cross-present
tumor antigens but also hinder the function of APCs.
Furthermore, GB-conditioned PC secrete anti-inflammatory
cytokines that seem to be enough to affect T cell responses,
which might explain the observed effect on the failed activa-
tion of T cells in presence of APCs. Upon T cell receptor and
co-stimulation engagement, following activation with anti-
CD3 and anti-CD28 antibodies, CD4"* T cells show reduced
proliferation and IL-2 production in the presence of culture
medium from PC co-cultured with GB, compared to activated
CD4* T cells in the presence of medium from PC alone [6°°].
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To sum up, peritumoral PC reduce T cell responses through
the induction of an anti-inflammatory response and the devel-
opment of an immunosuppressive function in response to in-
teraction with GB cells. These effects in PC are consequences
of the ablation of their immune function by GB cells through
aberrant upregulation of CMA (Table 1, Fig. 2). By contrast,
LAMP2-A KO PC with impaired CMA activity do not allow
to GB cells to form stable interactions with them, impairing to
be sensibilized by the tumor cells. LAMP2-A KO PC, in vitro,
maintain co-stimulatory molecules such as CD-80 and are
able to present antigen to T cells to activate them. In vivo
studies demonstrate that T cells from mice grafted with PC
and GB present higher levels of T cell inhibitor receptors, PD-
1 and cytotoxic T lymphocyte-associated protein-4 (CTLA-
4), while T cell from mice grafted with KO PC and GB do not.
Those T cells are found in the meningeal brain space and
perivascular areas co-localizing with peritumoral GB cells that
are favored to proliferate, leading to tumor growth. By con-
trast, mice grafted with CMA-deficient PC are able to develop
tumor antigen-specific T cells that promote tumor elimination
[47ee].

GB Promotes the Establishment of Stable Interactions with PC

GB cells induce stable interactions with PC to modulate their
functions and ensure tumor growth. All GB changes on PC
seem to indicate that GB cells need upregulated CMA in PC to
stabilize GB-PC interactions and, consequently, to allow GB
tumor cell growth and survival. By contrast, GB cells are not
able to interact properly with CMA-deficient PC, indicating
that GB cells promote the establishment of stable interactions
with PC through aberrant protein degradation by CMA
(Fig. 3a). In fact, studies with a GB mouse model revealed
that infiltrated GB cells in perivascular areas, where PC are
interacting with the tumor cells, proliferate considerably more
than in GB mice that were grafted with CMA-deficient PC, in
which only residual number of GB cells can be found (Fig. 3b)
[47ee].

GB cells interact with PC through microtube-like ultralong
protrusions towards the PC surface, while PC project small
nanotubes to maintain stable interaction with GB cells. GB-
interacting PC reduce the expression of the interaction protein
occludin through GB-induced CMA (Fig. 2). PC without GB-
induced CMA fail to promote stable interactions and upregu-
late the expression of occludin, which might indicate, in part,
that the defective cell—cell interaction may be due to the de-
regulation of adhesion proteins. Interestingly, occludin forms
part of the tight junctions that provide stability to the BBB,
and PC seem to regulate the formation of tight junctions by the
interaction with endothelial cells [81]. The BBB is disrupted
during tumor progression and is then, known as the blood—
tumor barrier (BTB). BTB is highly heterogeneous and char-
acterized by a non-uniform permeability and active efflux of

Fig 3 GB needs stable interactions with PC to survive (reproduced from
Valdor et al., Glioblastoma ablates pericytes anti-tumor immune function
through aberrant upregulation of chaperone-mediated autophagy. Proc
Natl Acad Sci U S A, 2019. 116(41): pp. 20655-20665. This open-
access article is distributed under Creative Commons Attribution-
NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND). a
Interaction of WT PC and KO PC (for LAMP-2A) with GB cells.
Images obtained by scanning electron microscopy are representative of
at least 3 independent experiments. Arrows indicate interaction through
nanotubes (yellow arrow) and cytosol fusion (red arrow) after 72 h of co-
culture (scale bar, 10 um). b GB tumor growth in mice that were
xenografted with co-cultures of WT PC + GB cells (GB/WT PC) and
compared to mice xenografted with KO PC + GB cells (GB/KO PC)
(scale bars of left, 250 um)

molecules [82—85]. Thus, it seems that the decreased expres-
sion of occludin in PC through GB-induced CMA might be
responsible, at least in part, for the rupture of BBB during
tumor progression.

On the other hand, occludin in PC also promotes expres-
sion and activation of AMPK and transcription factors
such as NFkB and SP1. These transcription factors regulate
expression of glucose transporters and mediate the rapid
response to metabolic stress, including inflammation,
through the production of inflammatory molecules such
as TNF-« and interleukins [86]. Therefore, the reduced
expression of occludin in PC might be also contributing
to the hard detection of pro-inflammatory cytokine expres-
sion in GB-conditioned PC.

GB Prevents the Anti-tumor Protein Secretory Function of PC

Proliferation of GB cells is not affected by the presence of PC,
and even more, GB cells need to interact with PC to support
optimal proliferation and survival through nutrients providing
and growth factor exchange. But, GB proliferation is
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significantly reduced and cell death is increased when tumor
cells try to interact stably with CMA-deficient PC, which
demonstrates that GB-induced CMA effect on PC is essential
for the following effects on several PC functions that facilitate
tumor survival and growth.

GB cells induce proteome changes in PC through CMA,
also preventing their defense secretory function against the
tumor. CMA-deficient PC have been shown to release a sig-
nificant secretion of toxic proteins for the tumor that reduce
tumor cell survival and prevent PC-GB interactions. GB cells
in presence of CMA-deficient PC release danger signals such
as ROS and granulocyte—macrophage colony-stimulating fac-
tor (GM-CSF), correlating with a high increase of tumor cell
death. In addition, these danger signals can be reproduced in
GB cells when are treated only with culture media from co-
cultures of GB cells with CMA-deficient PC, which contain
toxic proteins for the tumor cells. Thus, the toxic protein se-
cretion of CMA-deficient PC is enough to induce GB cell
death and negatively impact tumor survival, supporting that
GB cells avoid the toxic secretion of proteins by PC upon
cell—cell interaction [47¢].

GB Modulates Mesenchymal Stem Cell-Like Properties in PC

The secretome of PC consists of a broad variety of functional
molecules including inflammatory modulators, angiogenic,
trophic factors, and extracellular matrix proteins [31]. GB-
induced CMA in PC alters the expression of markers/
properties associated with mesenchymal stem cells (MSC)
and contributes to regulating interactions with GB cells. The
expression of several angiogenic factors such as VEGF, an-
giotensin I, and cytokine IL-6, which are associated to altered
PC proliferation and regenerative properties [31, 37, 38], is
clearly increased in PC when contacting with GB cells [6°e,
47+°]. However, these GB-induced changes in PC remain un-
affected in the same conditions in CMA-deficient PC [47¢¢],
which demonstrates that those changes are dependent of GB-
induced CMA in PC. By contrast, anti-angiogenic factors as-
sociated with tumor regression, such as anti-thrombin and
osteonectin (SPARC) [87-90], are secreted by CMA-
deficient PC contacting with GB cells [47¢¢]. Interestingly,
the release of these proteins might be part of the PC secretion
that is toxic for the tumor, but this needs further studies to be
elucidated.

GB cells are also able to modulate MSC-like markers in PC
such as Sca-1, CD105, and CD90 through aberrant upregula-
tion of CMA activity [47¢]. In addition, GB cells promote
increased vesicles secretion in PC, containing cytokines and
other pro-regenerative factors [31, 37]. Scanning microscopy
analyses from our lab showed that GB cells interacting with
PC lead to accumulation of secretory vesicles in the sites of
contact between PC and GB, whereas they are rarely observed
in CMA-deficient PC. Interestingly, only secreted vesicles
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from CMA-deficient PC that are contacting with GB cells
were found to inhibit GB proliferation, which may be due to
qualitative changes in vesicle composition/content rather than
just mere changes in their quantity [47¢¢].

In conclusion, GB cells induce several changes in PC for
their own benefit through the proteome modulation of PC by
abnormal upregulation of the selective form of autophagy,
CMA. Those proteome changes lead to subvert PC’s anti-
tumor responses through the degradation of proteins that
may participate in the expression of inflammatory mediators
and proper induction of T cell responses, regulate MSC-like
properties, and strengthen PC-GB interaction, all together
contributing to maintain tumor survival and expansion (Fig.
2).

Conclusions and Future Directions

GB is often resistant to standard treatments, which include
resection, radiotherapy, and chemotherapy with temozolo-
mide [91]. Numerous studies are focused on new molecular
targets to treat GB [92, 93]; however, none of them seem to be
effective to eliminate the tumor progression definitely. The
main reasons for this elusive behavior of GB are the rapid
transformation of GB cells and the heterogeneity of biochem-
ical characteristics in these tumors, which hinder the effective-
ness of targeted therapies and also favor the evasion of the
brain immune responses. Immune evasion within the TME
supports malignant growth and is also a major obstacle for
successful immunotherapy. Many drugs are not able to cross
the BBB to act on the tumor. Therefore, immunotherapy will
only be successful if it is targeted and can be successfully
delivered to the brain to deal effectively with cellular hetero-
geneity [94].

Intratumoral PC seem to come from GSC, allowing the
development of blood vessels of the tumor [13]. Therefore,
targeted therapy against specific markers of GSC-derived PC
might block and, probably, reverse GB tumor growth, but not
prevent the GB spreading in peritumoral areas where not
GSC-derived PC interact and facilitate tumor progression
[47¢¢]. Then, a better understanding of the molecular differ-
ences between the GSC-derived PC and not GSC-derived PC
is needed.

On the other hand, the molecular mechanisms underlying
specific interactions between GB and PC remain poorly char-
acterized. Deciphering these mechanisms may allow finding
new specific therapeutic targets capable of inhibiting the de-
velopment of GB in the host brain microenvironment [47¢¢].

In vitro and in vivo data support that GB-PC interaction in
the peritumoral area switches PC function from being tumor
suppressor to tumor promoter by changes dependent on GB-
induced CMA. Therefore, preventing the GB-induced upreg-
ulation of CMA in PC that interact with GB cells may
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represent a targeting strategy for the development of new ther-
apies against GB [47¢¢]. Even more, the immunosuppressive
function that PC acquire in the presence of GB can be reversed
with the modulation of CMA activity, and therefore, effective
anti-tumor immune responses can be generated [47ee].
Excitingly, when the aberrant activation of CMA in PC is
avoided, a greater number of memory T cells is detected,
which correlates with an efficient regression of the tumor.
These T cells can represent cells that have been activated by
tumor antigens and could generate an efficient anti-tumor re-
sponse [47¢¢].

In conclusion, an in-depth study of the changes in the pro-
teome of WT or LAMP-2A-deficient PC in presence of GB
cells is essential to find CMA substrates, as possible specific
markers that might be implicated in the regulation and conse-
quences of GB-induced CMA in PC and might let us eliminate
GB cancer.
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