
Pericytes: jack-of-all-trades in
cancer-related inflammation

Marianna Moro†, Federica Carolina Balestrero† and
Ambra A. Grolla*

Department of Pharmaceutical Sciences, Università del Piemonte Orientale, Novara, Italy

Pericytes, recognized as mural cells, have long been described as components
involved in blood vessel formation, playing a mere supporting role for endothelial
cells (ECs). Emerging evidence strongly suggests their multifaceted roles in
tissues and organs. Indeed, pericytes exhibit a remarkable ability to anticipate
endothelial cell behavior and adapt their functions based on the specific cells they
interact with. Pericytes can be activated by pro-inflammatory stimuli and
crosstalk with immune cells, actively participating in their transmigration into
blood vessels. Moreover, they can influence the immune response, often
sustaining an immunosuppressive phenotype in most of the cancer types
studied. In this review, we concentrate on the intricate crosstalk between
pericytes and immune cells in cancer, highlighting the primary evidence
regarding pericyte involvement in primary tumor mass dynamics, their
contributions to tumor reprogramming for invasion and migration of
malignant cells, and their role in the formation of pre-metastatic niches.
Finally, we explored recent and emerging pharmacological approaches aimed
at vascular normalization, including novel strategies to enhance the efficacy of
immunotherapy through combined use with anti-angiogenic drugs.
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1 Introduction

Eberth in 1871 and Rouget in 1873 first described a subpopulation of cells as a cluster of
contractile cells that extend their projections encircling the capillaries (Eberth, 1871;
Rouget, 1874). Some years later, Zimmerman named them “pericytes,” on the basis of
their localization along the vasculature, bypassing their many features too complicated to
include in a unique name.

It is well established that these are multitasking cells, able to acquire different
roles depending on the tissue or organ in which they are found and the cells they
collaborate with.

In the last few years, the need for knowledge on pericytes has increased exactly as,
several years ago, astrocytes started to be considered active cells in the brain and not simply
structural tools for neurons. Indeed, recent data have described pericytes as essential
orchestrators that anticipate endothelial cell (EC) behavior, and emerging evidence reveals
novel pathological roles beyond the implications in angiogenesis.

This review aims to recapitulate the several activities of this heterogeneous population
of contractile cells called pericytes, beyond their main role as mural cells that support
endothelial vessel stability, and focus on their immune-modulatory activity, specifically in
cancer. Last but not the least, we aim to highlight the still unmet knowledge regarding these
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multifaceted cells and their crosstalk with immune cells, believing in
the potential of a pericyte-based therapy to improve current cancer
immunotherapy.

2 Established knowledge about
pericyte physiology in vessels

Pericytes might be defined as a jack-of-all-trade cell type, able to
coordinate at least four main biological processes: i) central nervous
system (CNS) homeostasis and blood–brain barrier (BBB)
regulation; ii) angiogenesis and blood vessel stabilization; iii)
tissue repair and regeneration; and iv) blood flow regulation.
Emerging evidence shows how pericytes may recruit immune
cells and play an active role in their transmigration into vessels,
thus stating that a fifth function may be the regulation of immune
responses in several immune-pathological contexts, as
discussed below.

Pericytes are ubiquitously lining the endothelial cells in all
microvessels across the organism, mainly abundant in capillaries.
They send out primary cytoplasmic extensions along the outer
surface of the endothelial tube. These extensions typically stretch
across multiple ECs and sometimes connect adjacent capillary
branches. Pericytes and ECs communicate by direct physical
contact and paracrine/autocrine signaling pathways. Specifically,
gap junctions containing cell-adhesion molecules such as
N-cadherin, β-catenin, or extracellular matrix molecules such as
fibronectin provide direct connections between the cytoplasm of
pericytes and ECs (Cuevas et al., 1984).

As mentioned before, pericytes are crucial in the construction of
the vascular wall, upkeep of the vascular barrier, assurance of blood
vessel stability, and contribution to the maintenance of overall
homeostasis in the human body (Holm et al., 2018).

However, the scenario is complicated by the multitasking
abilities of pericytes to exert tissue-/organ-specific functions by
heterogeneously expressing several molecules. To overcome the
tissue-specific demands, pericyte abundance and distribution vary
among organs. The microvasculature of the CNS has a higher
EC–pericyte ratio (1:4 to 1:1) due to the presence of the BBB, of
which they are one of the main components.

This is the reason why the physiology of these cells is mostly
described in tissues belonging to the CNS, which might not resemble
those of other organs in which the density of pericytes is reduced
(Baek et al., 2022).

Within the CNS, pericytes are situated within the basement
membrane, positioned between endothelial cells and astroglial
endfeet. Regardless of their morphological diversity, pericyte
coverage of the CNS microvasculature is approximately 80% in
regions such as the cerebral cortex, hippocampus, striatum,
midbrain, and cerebellum (Bell et al., 2010; Villaseñor et al.,
2017), while it stands at approximately 50% in the spinal cord
(Winkler et al., 2012). In peripheral regions, the pericyte-to-
endothelial cell ratio ranges from 1:10 in the skin and lungs to 1:
100 in the human skeletal muscle (Díaz-Flores et al., 2009).

Contrary to what was believed a few years ago, pericyte growth
precedes the expansion of ECs: by rapidly proliferating, pericytes
ensure the production of EC growth factors (Figueiredo et al., 2020).
Pericytes coordinate and anticipate EC behavior through the

secretion of a variety of growth factors, including cytokines and
chemokines.

Under basal conditions, they release the vascular endothelial
growth factor (VEGF) to control EC proliferation and microtubule
formation through the activation of the VEGF receptor (VEGFR)
expressed on ECs (Eilken et al., 2017). Moreover, angiopoietin-1
(Ang-1) is a paracrine ligand expressed by pericytes and a strong
TIE2 agonist that supports endothelial cell survival, vessel stability,
and endothelial barrier function (Saharinen et al., 2017). Tie2 is a
receptor tyrosine kinase heavily enriched in the vascular
endothelium whose tonic signaling actively maintains vascular
quiescence. On the same axis, angiopoietin 2 (Ang-2) coordinates
vessel disruption and EC death (Miners et al., 2023), while its role
still remains controversial (Thurston et al., 2012).

Molecules involved in extracellular matrix remodeling, such as
VCAM-1, ICAM-1, MMP2, and MMP9, are released by pericytes to
coordinate vessel maturation and expansion, guiding EC migration
(Su et al., 2019). Moreover, under basal conditions, they express
several neurotrophic factors, such as nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF), glial cell-derived
neurotrophic factor (GDNF), and hepatocyte growth factor
(HGF) (Shimizu et al., 2011). On the other hand, platelet-derived
growth factor (PDGF)-BB is released by ECs to recruit pericytes via
PDGF receptor-β (PDGFRβ) signaling to sustain their adhesion and
spatial disposition in vasculogenic tube assembly and stabilization.
Blockade of pericyte recruitment causes a lack of basement
membrane matrix deposition and, concomitantly, increased vessel
widths (Stratman et al., 2010).

In pericyte physiology, fibroblast-growth factor (FGF) plays a
crucial role in regulating their main signaling, including the PDGFR
pathway. Specifically, FGF-2 is a potent pericyte-stimulating factor;
by binding to FGFR2, it induces pericyte proliferation and
orchestrates PDGFRβ signaling for vascular recruitment, as
demonstrated in the tumor context (Hosaka et al., 2018).

Pericytes respond to different stimuli by changing their basal
secretome. Under inflammatory conditions, such as under LPS,
TNFα, or IL-1β stimuli or under tumor microenvironment
(TME) influence, pericytes start to release inflammatory
cytokines to recruit immune cells (IL-6, IL-8, CXCL1, CXCL2,
CXCL3, CX3CL1, CCL5, and CCL2) and upregulate the adhesion
molecules ICAM-1 and VCAM-1 (Gaceb et al., 2018). The Ang–Tie
axis plays an essential role in inflammation. Ang2–Tie2 signaling
induces the expression of ICAM-1 and VCAM-1, promoting
leukocyte adhesion and migration to inflamed tissues in response
to inflammatory cytokines (Fiedler et al., 2006). The involvement of
pericyte-derived mediators in inflammation is further elucidated in
the latter part of the review.

3 Complexities in pericyte markers

A major obstacle to studying pericytes lies in the absence of a
universally accepted definition to differentiate them from other
types of mural cells. Pericytes are identified by i) their location
around vessels and their unique morphology, characterized by an
oval-shaped cell body and elongated processes that encircle vascular
structures; ii) concomitant expression of the accredited markers
found highly expressed in the majority of all the described
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tissue-subtype pericytes. The combination of these features correctly
identifies this type of cell.

In the mature brain, the usual indicators used to identify
pericytes associated with capillaries include desmin, neural/glial
antigen 2 (NG2), cluster of differentiation (CD) 13, CD146, and
PDGFR-β (Nehls and Drenckhahn, 1991; Daneman et al., 2010;
Smyth et al., 2018; Yamazaki and Mukouyama, 2018). Traditional
cytoskeletal markers utilized for pericyte identification encompass
non-muscle myosin (Joyce et al., 1985), nestin, and vimentin
(Bandopadhyay et al., 2001).

Single-cell genome-wide quantitative transcriptomic analyses
have revealed the molecular profile of brain pericytes (He et al.,
2018; Vanlandewijck et al., 2018; Zeisel et al., 2018; Hariharan et al.,
2020). Brain pericytes notably express various members of the solute
carrier family (SLC), the ATP-binding cassette family, and ATP
transporters, distinguishing them from lung pericytes. This
highlights the organ-specific specialization of brain pericytes;
indeed, depending on their lineage, pericytes may express
lineage-related markers. For instance, mesoderm-derived
pericytes retain CD45 and CD11b hematopoietic markers
(Ozerdem, 2006), while pericytes in the brain, thymus, lungs,
heart, liver, and gastrointestinal tract that originate from the
ectoderm do not express these proteins.

To augment the complexity, some of the described markers are
also expressed by other cell types; for example, PDGFRβ is also
highly expressed by fibroblasts and smooth muscle cells (SMCs), or
NG2 is even expressed by progenitors and mature oligodendrocytes
in the CNS, as reviewed in Bhattacharya et al. (2020). This is the
reason why only the concomitant expression of more markers and
their localization next to the ECs may ascertain whether they
are pericytes.

In adult neuropathological occurrences, pericytes demonstrate a
transient retention of GFAP expression (Sharma et al., 2012). In
mouse embryos, the presence of vimentin and regulator of G-protein
signaling 5 (RGS5) expression indicates the presence of pericytes
encircling developing arteries, with desmin and α-SMA remaining
undetectable during this period. Nevertheless, RGS5 expression
decreases after birth (Bandopadhyay et al., 2001; Bondjers
et al., 2003).

Recent advancements in single-cell RNA sequencing have
revealed significant differences in gene expression among
pericytes from different organs, indicating distinct functional
roles. In this regard, Mariona Graupera’s group conducted a
comprehensive review of the current situation on pericyte
markers, utilizing information provided by single-cell RNA
sequencing data (van Splunder et al., 2024).

Seung-Han Baek and co-authors conducted an analysis of
single-cell RNA sequencing data from tissue-specific mouse
pericyte populations established by the Tabula Muris Senis to
detect pericyte-specific markers. Within the murine lung, heart,
kidney, and bladder, they identified a cluster of mural cells
expressing either CSPG4 or PDGFR-β and established known
pericyte markers. Differentially expressed genes from CSPG4/
PDGFR-β expressing cells compared to non-expressing cells
revealed 18 lung-specific, 4 heart-specific, 22 kidney-specific, and
4 bladder-specific pericyte markers. Comparative single-cell
differential expression gene analysis highlighted potential pericyte
marker candidates, such as Kcnk3 (lung), Rgs4 (heart), Myh11 and

Kcna5 (kidney), Pcp4l1 (bladder), and Higd1b (lung and heart).
Notably, validation of these markers was performed using the
Human Lung Cell Atlas and human heart single-cell RNAseq
databases, revealing the conservation of markers between mouse
and human heart and lung pericytes (Baek et al., 2022).

Moreover, the analysis of single-cell RNA expression profiles
derived from different human andmouse brain regions using a high-
throughput and low-cost single-cell transcriptome sequencing
method called EasySci revealed that highly pericyte-enriched
expression was notable for SLC6A12 and SLC19A1. The
immunohistochemical technique of staining for both antibodies
was strongly positive in small blood vessels and was far more
effective than a PDGFR-β antibody at staining pericyte-like cells
in human brain sections (Gurler et al., 2023; Sziraki et al., 2023).

Exploring whether this diversity extends to pericytes in other
tissues remains largely undiscovered. The identification of distinct
tissue-specific markers for pericytes could greatly enrich our
comprehension of their diversity and shed light on their
significance in both health and disease contexts.

4 Pericytes have multipotent cell-like
properties

The developmental origin of pericytes is heterogeneous, and
much remains to be deciphered. Most commonly described is their
origin frommesenchymal stem cells (MSCs). Genetic lineage tracing
experiments using neural crest-specific Cre recombinase lines such
as Wnt-1-Cre and Sox10-Cre mice in combination with a Cre-
mediated reporter line demonstrate that the neural crest contributes
to pericytes in the face, brain, and thymus (Korn et al., 2002; Foster
et al., 2008; Müller et al., 2008). Using similar genetic lineage tracing
experiments, the origin of pericytes in the gut (Wilm et al., 2005),
lung (Que et al., 2008), and liver (Asahina et al., 2011) in mice has
been traced to the mesothelium, a single layer of squamous
epithelium. In the heart, the epicardial mesothelium gives rise to
coronary pericytes and vascular smooth muscle cells (Zhou
et al., 2008).

These studies clearly indicate that the origin of pericytes is
heterogeneous in a tissue- and context-dependent manner.

Pericytes typically maintain a state of quiescence within an
established microvessel network. Nonetheless, under various
physiological stimuli, such as capillary network expansion or in
response to pathological conditions, they undergo activation and
proliferation. This response can lead to either self-renewal or
differentiation. Our understanding of the molecular pathways
governing the transition of pericytes between quiescence,
proliferation, or differentiation remains limited.

Past literature sustains the role of the transforming growth factor
beta (TGFβ) signaling pathway in the induction of undifferentiated
progenitor cells into PDGFRβ-positive pericyte precursors, which
are then attracted by PDGFβ-expressing endothelial cells (Creazzo
et al., 1998; Hellstrom et al., 1999). TGFβ regulates the proliferation
and differentiation of both mural cells and endothelial cells;
however, its activation requires interaction between the two cell
types (Sato and Rifkin, 1989).

The preservation of stemness and multipotent capabilities of
pericytes relies heavily on their interactions with the basement
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membrane protein, specifically laminin, without which brain
pericytes adopt the characteristics of contractile cells (Yao et al.,
2014). Additionally, the maintenance of pericyte stemness is
influenced by various other microenvironmental signals and
transcription factors known to regulate the genes encoding the
components of metabolic pathways.

When cultured in vitro, and this is an important aspect to
highlight, pericytes demonstrate the ability to differentiate into
multiple lineages, including osteoblasts, chondrocytes, and
adipocytes (Crisan et al., 2008; Supakul et al., 2019). The
presence of the transcription factor Runx2 (Osf2/Cbf1a) serves as
a distinguishing feature of pericytes primed for osteogenic or
chondrogenic differentiation (Farrington-Rock et al., 2004). In
regard to pericyte-derived adipocytes, the expression of PPARγ, a
transcription factor which is a pivotal regulator of pre-adipocyte
differentiation, is induced when cultured pericytes are exposed to
adipogenic factors (Lefterova et al., 2014).

Pericytes have the ability to also differentiate into vascular
smooth muscle cells, myofibroblasts, and various parenchymal
cells such as skeletal and cardiac myocytes. TGFβ/Notch
signaling augment pericyte differentiation into smooth muscle
cells (Volz et al., 2015) and into myofibroblasts (Kirton et al.,
2006; Cheng et al., 2008; Aimaiti et al., 2019). Nakagomi’s group
suggested that vascular pericytes acquire multipotent vascular stem
cell activity under pathological conditions and may thus be a novel
source of microglia (Sakuma et al., 2016). An interesting work
demonstrated that pericyte hallmark-expressing cells from the
adult human cerebral cortex can be transformed into neuronal
cells through retrovirus-mediated co-expression of the
transcription factors Sox2 and Mash1. These reprogrammed
neuronal cells demonstrate the capacity for repetitive action
potential firing and act as synaptic targets for other neurons,
illustrating their ability to integrate into neural networks (Karow
et al., 2012).

This broad multipotency has led researchers to suggest that
pericytes may be the primary source of tissue-resident mesenchymal
progenitors. Furthermore, their multipotent characteristics have
fueled their increasing use in cell therapies aimed at promoting
tissue healing and regeneration. In this regard, a very recent work
underlines the importance of MSCs in regenerative medicine
research and highlights the limitations in the number of MSCs
available in the human body. Therefore, they explore pericytes as
alternative regenerative cell sources as a substitute for human bone
marrow-derived mesenchymal stem cells (hBM-MSCs) (Polat
et al., 2024).

Nonetheless, it is important to underline the ability of pericytes
to undergo pericyte-to-fibroblast transition (PFT), which
contributes to inflammatory-associated fibrosis. The crosstalk
between microvascular endothelial cells and pericytes promotes
PFT through the PDGF-BB/PDGFRβ signaling pathway, which, if
inhibited by imatinib, rescues fibrotic scarring and reduces the
inflammation in spinal cord injury (Yao et al., 2022).

In this regard, TGF-β promotes pericyte–fibroblast transition in
subretinal fibrosis through the Smad2/3 and Akt/mTOR pathways
(Zhao et al., 2022).

However, multipotency is not a universal trait among all
pericytes. Indeed, pericytes expressing the T-Box transcription
factor 18 (Tbx18) show a lack of ability for trans-differentiation

in vivo across multiple tissues examined, including skeletal, cardiac,
and adipose tissues (Guimarães-Camboa et al., 2017). These findings
challenge the prevailing perspective regarding endogenous pericytes
as multipotent tissue-resident progenitors, suggesting that the
observed plasticity, whether in vitro or following transplantation
in vivo, might represent an artifact from cell manipulations
conducted ex vivo. Therefore, other efforts have to be made to
define pericytes as multipotent cells in a complex system such as the
entire organism.

5 Immunomodulatory role of pericytes
in cancer

Tumor angiogenesis is one of the main hallmarks of cancer,
which provides the oxygen and nutrition supplies required for
cancer progression. Even in cancer, ECs release PDGF-B that
induces pericyte recruitment in the growing tumor vasculature by
activating PDGFRβ signaling. On the other hand, endothelial-
derived nitric oxide (NO) stimulates the production of VEGF-A
in pericytes, which sustains EC proliferation and survival (Nishida
et al., 2006; Meng et al., 2015). Normal pericyte–EC interaction is
essential in maintaining vascular stability and normal
microcirculation, but in cancer, TME influence completely
overturns the phenotype, morphology, and localization of these
cells, leading to abnormal, leaky, and unstructured vessels that fail to
sustain nutrient and oxygen demand. In the current literature, the
debate regarding whether a tumor with lower or higher pericyte
coverage is more aggressive remains unresolved. Certainly, the
change in the EC–pericyte ratio leads to dysregulated
angiogenesis, typical of the tumor.

As mentioned before, pericytes release different pro-
inflammatory chemokines and cytokines in response to pro-
inflammatory stimuli (Navarro et al., 2016).

In the complex landscape of the TME, pericytes mutually
interact through several signaling pathways with the different
components of the TME (as outlined in Table 1), participating in
i) EC proliferation; ii) tumor vascularization; iii) immune tolerance;
iv) phenotypic transition; v) extravasation process; and vi) pre-
metastatic niche formation.

In recent years, the immunomodulatory role of tumor-derived
pericytes has gained attention in relation to inflammation-associated
tumor progression and invasion. Considering the pericyte plasticity
among the different tissues and tumor types, it is not surprising to
observe the intertwined role of pro-inflammatory pericytes
communicating with various cell components of the TME. The
main findings in this regard are reviewed in the following sections,
compartmentalized based on the tumor progression steps: i)
primary mass, ii) phenotype transition, and iii) metastatic niche,
as shown in Figure 1.

5.1 Pericytes and cancer-related
inflammation in the primary mass

5.1.1 EC–pericyte interaction
Tumor branching is chaotic in the TME, and endothelial

cell–pericyte interactions are characterized by altered signaling
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that provokes tumor progression and invasion (Sweeney et al., 2016;
Sun et al., 2021).

Among the molecules involved in vessel formation, the
Ang–Tie2 pathway emerged as a critical regulator in tumor
angiogenesis. In different tumor models (such as glioma, Lewis
lung carcinoma, and spontaneous mammary carcinoma), treatment
with an antibody that simultaneously activates Tie-2 and inhibits
Ang-2 (ABTAA) was useful in restoring pericyte PDGFR-β coverage
and tightening endothelial cell junctions by increasing VE-cadherin

and claudin-5 expression, promoting the stabilization of
pericyte–endothelial cell contact. Moreover, it has been explored
that ABTAA favors immune cell infiltration by reducing
M2 polarization, promoting M1 infiltration, and simultaneously
reducing T regulatory cell recruitment, contributing to tumor
growth and metastasis suppression (Park et al., 2017).

Interestingly, integrin modulation could affect tumor growth
without interfering with blood vessel functionality. The selective
knockout of β3 integrin in pericytes has been shown to promote

TABLE 1 Signaling pathways regulate pericyte interaction with immune cells.

Signalling Stimuli/context Immune cell interaction Biological effect Reference

PDGFR-β PDGF-BB tumors TAM recruitment via IL-33 secretion
by pericytes

Increase in metastasis via
MMP9 produced by TAM

Yang et al., 2016; Andersson
et al., 2018

Glioma-derived pericytes CECR-1 expression by macrophages Pro-angiogenic activity via ECM
component modulation

Zhu et al. (2017)

PDGFR-α Mammary carcinoma-derived
pericytes

PDGF-CC Lyve-1 TAM Tumor growth Opzoomer et al. (2021)

FGFR-1 FGF-2 from tumors TAM recruitment via CXCL14-
secretion

Increase in metastasis Wang et al. (2022)

MCAM Human microvascular pericytes M2 macrophage polarization MCAM/C1D63 prognostic signature
in GBM

Zhang et al. (2022)

sGC Lewis lung carcinoma-derived
pericytes

sGC deletion promotes
M2 macrophage polarization
mediated by MIF

Promotion of immune evasion Zhu et al. (2024)

CD80, CD86, and
MHC-II

IL-6 from the TME CD4+ T cell anergy with a decreased
secretion of IL-4 and IFN-ϒ

Pericytes as immunosuppressive
weapons

Bose et al. (2013)

RGS-5 Melanoma tumour-derived
pericytes

CD4+ T cell anergy mediated by
tumor-derived pericyte-ICAM1
upregulation

Pericytes as immunosuppressive
weapons

Bose et al. (2013)

TGF-β from the TME CD4+ T cell anergy Irregular vascularization and NLPG
treatment restore T-cell functionality,
leading to RGS-5high pericyte apoptosis

Dasgupta et al. (2022)

Endosialin RCC-derived pericytes Reduction in CD8+ T-cell infiltration Anti-EN improves immune-
checkpoint blockade therapy in RCC

Lu et al. (2023)

MFG-E8 NG2+ melanoma-derived MSCs M2 macrophage activation Tumor growth Yamada et al. (2016)

IL-10 Glioma-derived pericytes CD4+ T-cell inhibition with a
decreased secretion of IL-2

Tumor growth Valdor et al. (2017)

Glioma-derived pericytes
upregulating chaperone-mediated
autophagy (CMA)

CD4+ T-cell inactivation decreasing
IL-2 production

CMA-pericyte ablation reduces tumor
growth

Valdor et al., 2019; Molina
et al., 2022

TGF-β Glioma-derived pericytes CD4+ T-cell inhibition with a
decreased secretion of IL-2

Tumor growth Valdor et al. (2017)

Glioma-derived pericytes T-cell inhibition Immunosuppressive pericytes Ochs et al. (2013)

Glioma-derived pericyte
upregulating CMA

CD4+ T-cell inactivation decreasing
IL-2 production

CMA-pericyte ablation reduces tumor
growth

Valdor et al., 2019; Molina
et al., 2022

CXCL9 Primary central nervous system
lymphoma-derived pericytes

CD8+ T-cell and B-cell recruitment
following CXCL9-CXCL12
heterocomplex formation

The perivascular microenvironment
regulates immune effector cells

Venetz et al. (2010)

Pericyte coverage MMP-9 from neutrophils Tumor-associated neutrophils Enlarged vessel partially covered by
pericytes

Deryugina et al. (2014)

IL-6 in TME Decrease in MDSCs Favorable outcome Hong et al. (2015)

MMP-9 from MDSCs in pre-
metastatic niche

Gr-1+CD11b+ MDSCs Aberrant metastatic vasculature
formation

Yan et al. (2010)
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tumor growth via focal adhesion molecule (FAK)-Akt-NF-kβ
activation toward the secretion of paracrine factors such as
CXCL1, TIMP-1, and CCL2, which mediate cancer proliferation
toward the MEK1-ERK1/2-ROCK2 axis without interfering with
blood vessel density, perfusion, or tumor hypoxia (Wong et al.,
2020). In this regard, pericyte-FAK loss has been shown to promote
blood vessel formation by decreasing pericyte association with ECs,
enhancing tumor proliferation via the Gas6-Axl-Akt pathway
(Lechertier et al., 2023).

Furthermore, metabolic reprogramming impacts the vascular
cell phenotype in tumors. Combining proteomic and metabolic flux
analyses, hexokinase-2 has been found to drive glycolysis in tumor-
derived pericytes. Pericyte-hexokinase-2, via ROCK2 and MLC2,
abnormally interacts with ECs, leading to abnormal tubular
formation when co-cultured with ECs in vitro. The delivery of
chemotherapeutic agents, such as doxorubicin and hexokinase
inhibitors, generates tumor blood vessels with enlarged diameter
and perfusion and increased collagen IV expression, enhancing drug
delivery without interfering with pericyte coverage (Meng
et al., 2021).

5.1.2 Pericyte–macrophage interaction in the TME
Macrophages play a critical role in supporting tumor

development by eliciting an immunosuppressive response and

tissue remodeling. Several reports identify pericytes as the
mediators responsible for tumor-associated macrophage (TAM)
recruitment.

Indeed, PDGF-BB-expressing tumors have a high potential to
recruit TAM. PDGF-BB-stimulated pericytes and stromal
fibroblasts induce IL-33 upregulation via the PDGFR-β pathway
through a SOX7-dependent transcriptional mechanism. IL-33-
triggered signaling stimulates the M2 phenotype, increasing
metastasis formation through the production of several MMPs
(Yang et al., 2016). The fact that this phenotype can be reverted
by depleting TAM with clodronate liposomes highlights the crucial
mediation of pericyte-recruited macrophages in invasiveness
(Figure 2, path 1).

An update of this finding was conducted 2 years later, providing
specific signaling pathways that regulate stromal cells. These pathways
instruct immune cells within the primary tumor mass, facilitating
cancer invasion through the release of molecules that mediate tissue
remodeling. Considering a highly fibrotic tumor such as pancreatic
ductal carcinoma, the authors show that IL-33 was mainly
upregulated by cancer-associated fibroblasts (CAFs) and pericytes,
driving M2 polarization mediated by the ST2 receptor. IL33 drives
MMP9 production via an NF-kB-dependent mechanism, leading to
laminin degradation, which can be a critical step for tumor cell
extravasation and invasion (Figure 2, path 2) (Andersson et al., 2018).

FIGURE 1
Interaction of pericytes and immune cells at every stage of tumor progression. Created with BioRender.com.
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PDGF-mediated host cell recruitment in the TME has also been
described in the opposite direction: PDGF-CC expressing TAM
crosstalks with PDGFR-α pericytes. Single-cell RNA sequencing in a
spontaneousMMTV-PyMTmurinemodel of breast cancer delineates a
perivascular Lyve-1 TAMpopulation characterized by the expression of
a selective lymphatic vessel endothelial hyaluronic acid receptor. Lyve-1
TAM has been found near the vascular niche, especially on αSMA cells,
which resemble a pericyte-like mesenchymal population that creates a
pro-angiogenic niche. Although Lyve-1 TAM accounts for a small
percentage of live cells within the tumor mass, their role is critical for
tumor progression. Depletion of the subpopulation slows down tumor
growth, accompanied by curtailments in αSMA pericyte-resembling
cells. Lyve-1 TAMs control αSMA expansion in a PDGF-CC dependent
manner, suggesting that pericyte proliferation in tumors is not only
autonomous but tightly controlled by other cell types such as
macrophages that consequently participate in vascular remodeling
(Figure 2, path 3) (Opzoomer et al., 2021). Other pieces of evidence
have demonstrated that mesenchymal stromal cells, which resemble
pericytes, correlate with M2 macrophages. The authors demonstrated
that the secreted glycoprotein MFG-E8 (lactadherin), involved in
regulatory T-cell development and neovascularization, is released by
pericytes (Motegi et al., 2011) andMSCs in melanoma. Melanoma cells
implanted with MSC-resembling pericytes increase tumor proliferation
and pericyte and M2 macrophage infiltration, suggesting vascular
regulation mediated by MFG-E8 (Figure 2, path 4) (Yamada
et al., 2016).

Another molecule investigated in TAM recruitment is CXCL14,
which is involved in immune cell regulation, tumor reprogramming,
and the metastatic process. The authors identified nasopharyngeal
carcinoma (NPC) as a highly FGF2-expressing tumor type with
predominant macrophage infiltration. FGF2 induces macrophage
activation and M2 polarization, mediating selective pericyte
secretion of CXCL14 via FGFR1. The described stromal cell
interactions orchestrated by FGF2 tumoral cells have been shown
to promote metastasis, identifying FGF2/pericytes/CXCL14/TAM
as a promising targetable axis in NPC or more in general FGF2-
expressing tumors (Figure 2, path 5) (Wang et al., 2022).

Pericytes and macrophages recognized by MCAM/CD163 gene
pair expression have been identified as a potential prognostic
immune signature co-expressed in glioblastoma (GBM) samples.
The coupled cells and gene pairs could be used as an indicator for
immunotherapy response rates. (Figure 2, path 6) (Zhang et al.,
2022). Evidence has unveiled that tumor cells can shape pericytes via
flectopodia. GBM cytoplasmic extension modifies pericyte
contractile activity, shifting toward a macrophage-like phenotype
and promoting immune suppression and tumor expansion (Caspani
et al., 2014).

Pro-tumorigenic macrophages influence pericyte functions. In a
model of intracranial B16F10 melanoma tumors, the specific
ablation of NG2 proteoglycan in myeloid cells has been shown to
reduce TAM recruitment with a direct decrease of
pericyte–endothelial cell interaction, which is linked to

FIGURE 2
Pericytes and tumor-associated macrophages in the primary tumor mass. Created with BioRender.com.
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N-cadherin loss (Yotsumoto et al., 2015). GBM microenvironment-
M2-like macrophages have been demonstrated to promote pericyte
recruitment and migration toward the extracellular adenosine
deaminase protein CECR-1 via the PDGF-B–PDGFR-β axis
downstream, stimulating periostin expression in pericytes with a
proangiogenic activity on extracellular matrix components
(Figure 2, path 7) (Zhu et al., 2017). Moreover, changes in TAM
metabolism have been shown to affect tumor growth, angiogenesis,
and metastasis. mTOR activation in TAM, by depleting one of its
negative regulators (REDD1 depletion), installs a glucose
competition with endothelial cells, promoting their quiescent
state. Conversely, REDD1 upregulation under stress conditions
inhibits mTOR signaling, which favors a deranged tumor
vasculature. Notwithstanding that the metabolic competition
between pericytes and TAMs is completely unexplored, these
data highlight the critical role of metabolism in the TME cell–cell
relationship, suggesting mTOR activation as anti-tumoral in TAM,
suggesting a possible mechanism of mTOR targeting drug resistance
(Wenes et al., 2016).

Drug interventions shed light on the intricate relationship
between pericytes and macrophages in the tumoral context.
Single-cell RNA-sequencing reveals a perturbation in endothelial
cell and pericyte communication as a direct outcome of soluble
guanylate cyclase (sGC) selective deletion in pericytes, guided by
Notch signaling impairment. In addition, pericyte sGC deletion
reveals an increased expression of macrophage inhibitory factor
(MIF), which has been demonstrated to drive macrophage
polarization from the M2 to M1 phenotype, suggesting its
contribution to anti-tumoral inhibition (Figure 2, path 8) (Zhu
et al., 2024). Few years ago, cytokine therapy was proposed to
normalize the vascular bed with the goal of enhancing drug
delivery. The restoration of the pericyte-contractile phenotype is
induced by a specific lymphotoxin (LIGHT), which binds to the
TNFSF14 receptor, a member of the TNF family, expressed on
different cell types, mainly immune cells. TME-LIGHT treatment
restores pericyte-contractile properties via TGFβ secretion by
macrophages, normalizing the vascular bed. Low doses of intra-
tumoral LIGHT trigger macrophage-TGFβ secretion in a Rho
kinase-dependent manner, inducing a specific pericyte-contractile
gene signature, decreasing vascular leakiness, and increasing
tumoral perfusion (Figure 2, path 9) (Johansson-Percival
et al., 2015).

5.1.3 Pericyte–T cell interaction in the TME
Tumor-infiltrating lymphocytes affect tumor progression and

can be divided into cytotoxic T cells, which hinder tumor growth
while fighting against cancer, and regulatory T cells (Tregs), which
represent the immunosuppressive response to prevent
tumor clearance.

As described above for the pericyte–macrophage interaction,
even pericyte crosstalk with T cells favors cancer progression by
developing an immunosuppressive environment. Evidence in the
literature, until the time of writing, described tumor-derived
pericytes as mediators of immunosuppression by inhibiting T
helper cell (Th cell) capabilities.

The establishment of immune tolerance in GBM has been linked
with brain pericyte immunosuppressive phenotype acquisition and
the consequent failure to activate the T-cell response. Pericytes

interacting with GBM acquire an anti-inflammatory phenotype,
increasing the expression of IL-10, TGF-β, IL-1, IL-23, IL-12, and
IL-6, accompanied by a decreased expression of co-stimulatory
molecules such as CD80 and CD86 and a reduction in the
expression levels of major histocompatibility complex class II
(MHC-II) molecules, suggesting impaired antigen presentation
ability by GBM-pericytes. Moreover, GBM negatively influences
pericytes in activating T-cell responses. Isolated CD4+ T cells
interacting with GBM-pericytes show decreased IL-2 secretion
and proliferation, suggesting an impaired T-cell response due to
pericyte acquisition of an anti-inflammatory phenotype promoting
GBM proliferation (Figure 3, path 1) (Valdor et al., 2017).

Modulation of MHC expression seems to be a mechanism
controversially related to T-cell activation. Indeed, in 2013, an
article illustrated how tumor-derived B16 pericyte upregulated
co-stimulatory molecules (CD80 and CD86), the co-inhibitory
molecule (PD-L1), and MHC-II, which directly downregulate
CD4+ T-cell proliferation and IL-4 and IFN-γ secretion. The
overexpression of the marker gene RGS-5 and IL-6 stimulation
of tumor-derived pericytes mediate CD4+ T-cell anergy in vitro,
elicited by the upregulation of anergy-related factors (dgkα, erg2,
and erg3). Moreover, RGS-5 and IL-6 upregulate ICAM-1
expression directly, promoting immune evasion, and indirectly
upregulate the VCAM-1 adhesion molecule (Figure 3, path 2)
(Bose et al., 2013). Immune evasion directed by RGS-5 tumor-
derived pericytes has been further explored in B16F10 mass treated
with a natural immunomodulator (neem leaf glycoprotein, NLGP)
reported to normalize the vasculature in the TME (Banerjee et al.,
2014). Exploring the NLGP mechanism for regulating vascular
normalization, the authors show that NLGP treatment decreases
both endothelial and RGS5high pericyte cell numbers without
affecting RGS5low tumor-derived pericytes. In RGS5high pericytes,
elevated TGF-β levels in the TME promote RGS-5 interaction with
the cytoplasmic mediator SMAD2/3. The RGS5-SMAD2/3 complex
translocates in the nucleus, promoting pericyte proliferation with
consequent aberrant vascularization and CD4+ T-cell anergy. NLGP
treatment suppresses TGF-β levels, preventing RGS-5 nuclear
translocation, leading to apoptotic RGS5high pericyte
subpopulation, and restoring T-cell function. Meanwhile, NLGP
treatment also affects RGS5low tumor-derived pericytes, which
upregulate the Ang-1 molecule, restoring the endothelial–pericyte
interaction (Figure 3, path 3) (Dasgupta et al., 2022).

Glioma tumor-derived pericytes have been shown to express
MSC markers (CD90, CD248, and PDGFR-β), and their expression
correlates with a decrease in leukocyte and CD8 T-cell infiltration.
Moreover, TGF-β secretion together with HGF, sHLA-G, PGE2, and
NO expression has been shown to impact the proliferation of PBMC
cultures, suggesting the local immunosuppressive abilities acquired
by MSC-like tumor-derived pericytes (Figure 3, path 4) (Ochs
et al., 2013).

A reduction in CD8 renal cell carcinoma infiltration has been
correlated with a selective tumor-derived pericyte population that
overexpresses endosialin, a transmembrane glycoprotein promoting
tumor-derived pericyte proliferation and migration. Tumor-derived
pericytes are a heterogeneous population, and specific marker
expressions have been identified in T-cell interactions (Bose
et al., 2013, Dasgupta et al., 2022). Endosialin knockout (ENKO)
pericytes have been shown to increase T-cell infiltration in vitro,
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suggesting that endosialin expression could impede cytotoxic
infiltration. This situation can be reversed by combining anti-
endosialin treatment with anti-PD1 therapy (Figure 3, path 5)
(Lu et al., 2023).

To increase the complexity of the scenario, pericyte-chaperone-
mediated autophagy (CMA) has been proposed to control tumor
progression. CMA refers to the selective degradation of targeted
proteins that upregulates LAMP-2A expression at the lysosomal
membrane. Although maintaining strict regulation of CMA is
necessary for homeostasis, the hyper-activation of tumors
correlates with tumor progression. Glioma–pericyte interaction
generates ROS production, which consequently upregulates
LAMP-2A expression on pericytes, which mediates the
acquisition of an immunosuppressive phenotype in these cells,
increasing IL-10 and TGF-β expression and downregulating
TNF-α. Isolated CD4+ T cells from glioma-mice-lymph nodes
have been shown to upregulate inhibitory molecules, such as
CTLA-4 and PD-1, and decrease IL-2 production compared to
CD4+ T cells isolated from engrafted tumors with LAMP-2AKO

pericytes (Valdor et al., 2019).
Some years later, an in-depth RNA sequencing analysis revealed

new networks under CMA hyperactivation in GBM-derived
pericytes. LAMP-2AKO pericytes upregulate inflammatory
responses and phagocytosis as anti-tumoral responses, thereby
hindering immune cell evasion under abnormal CMA regulation.
Moreover, the secretome of LAMP-2AKO pericytes reveals a decrease

in inflammatory proteins such as gelsolin, periostin, and
osteopontin, accompanied by an increase in anti-tumoral
proteins such as lumican and vitamin D. CMA ablation in
pericytes results in increased CD4+ T-cell activation with
upregulation of PD-1 and CTLA-4, decreased Treg infiltration,
and macrophage activation with the CD68 marker, suggesting an
elicited immune response to hinder tumor cell growth (Figure 3,
path 6) (Molina et al., 2022).

Pericytes do not solely play an immunosuppressive role, but a
recent article shows positive regulatory feedback among tumor-
derived pericytes and Th cells. CD4+ T cell KO in breast cancer
murine models (EO771, 4T1 tumors) has been linked with a
decrease in pericyte coverage accompanied by an increase in
metastatic potential. EO771–pericyte depletion, under diphtheria
toxin treatment, decreases CD4+ T cell, TAM, and dendritic cell
infiltration, while, on the other hand, Th cell transfer promotes the
opposite effects, elucidating a positive feedback mechanism between
pericytes and Th cells. The use of the immune checkpoint blockade
promotes vascular normalization, leading to an increase in pericyte
coverage, an increase in CD4+ T cells (specifically Teff while
diminishing Treg cells) and dendritic cells, and a decrease in
neutrophil population, correlating with a decrease in metastasis
number. The new finding that highlights Th cell loops with vascular
normalization has been shown to be mediated by IFN-γ and CD40L
expression linked with concomitant chemokine expression (CXCL9,
CXCL10, and CXCL11) and VEGFA endothelial expression

FIGURE 3
Interaction of pericytes and T cells in the primary tumor mass. Created with BioRender.com
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(Figure 3, path 7) (Tian et al., 2017). The increase in pericyte
coverage that correlates with an increase in immune infiltration
has also been shown by Yang et al., who evaluated agonists to
stimulate the IFN gene pathway (STING) to normalize the tumor
vasculature. STING agonists have been shown to increase pericyte
coverage and leukocyte vascular adhesion molecules such as ICAM
and VCAM, promoting CD8+ T-cell infiltration while
simultaneously increasing M1 macrophage-promoting genes
(Yang et al., 2019).

5.1.4 Pericyte–MDSC interaction in the TME
Myeloid-derived suppressor cells (MDSCs) counteract the other

immune cells defending tumor cells from T cell, macrophage, and
dendritic cell anti-tumor reactivity. They retain immunosuppressive
roles to maintain tumor supremacy and cancer progression. MDSC
represents a heterogeneous myeloid-derived cell population that can
express a granulocytic or monocytic phenotype, respectively,
characterized by Ly6G+ or Ly6C+ expression.

Pericyte–MDSC crosstalk in tumors has been described in
2015 using melanoma and LLC animal models with pericyte
deficiency (PDGFR-βret/ret mice), drawing a negative correlation
between pericyte coverage and MDSC (GR1+/Cd11b+) infiltration
specifically in tumors associated with an increase in serum IL-6. IL-6
silencing normalizes the rate of B16 circulating cells, which can be
associated with a reduced hypoxic rate in B16 normalized pericyte
coverage (Hong et al., 2015). Moreover, in a breast cancer cohort, a
subtype of patients identified with high pericyte coverage and a
decrease in MDSC accumulation has been identified with a better
prognosis, delineating the powerful correlation between pericytes
and MDSC trafficking in tumors (Hong et al., 2015). Recently, a
pericyte population that resembles stem cells has been identified
(CD45−EPCAM-CD29+CD106+CD24+CD44+). These pericytes can
instruct MDSCs to generate an immunosuppressive environment in
a pancreatic tumor model. The co-injection of pancreatic tumoral
cells with pericyte-like stem cells increases tumor proliferation and
CD45+ infiltration, mainly represented by Ly6G+ MDSC
differentiation, while macrophages and dendritic cells have been
shown to be reduced. Furthermore, the use of an anti-PD1 antibody
has been shown to activate the cytotoxic response only when
tumoral cells are not co-injected with pericyte stem cells,
indicating that this pericyte population can be targeted to
overcome immunotherapy resistance (Wu et al., 2023).

5.1.5 Pericytes, NK-cells, and B cells in the TME
Unlike the considerable research conducted on the interaction

between tumor-derived pericytes and previously mentioned
immune cell types, there is a noticeable lack of publications
exploring their correlation with natural killer (NK) cells,
dendritic cells, and B cells.

NK cells are deputed in the anti-tumor response, activating a
cytotoxic response against target cells, and usually infiltrate hypoxic
environments. In this regard, a work published in 2017 explored the
selective HIF-1α deletion in NK cells (HIF-1α-NKKO). HIF-1α-
NKKO mice engrafted with colon cancer cells (MC38) or LLC
showed decreased tumor growth, even as assessed by an increase
in cell death (caspase-3 staining), accompanied by a reduction in
pericyte coverage and an increase in Glut-1, which correlates with
the hypoxic state. Notwithstanding the decreased tumor

proliferation, HIF-1α-NKKO tumors did not show metastatic
reduction, suggesting that vessel abnormalities caused by the NK
hypoxic state reflect leakier vessels that can be compassable by
circulating tumoral cells (Krzywinska et al., 2017).

The only evidence that connects pericytes with B cells dates back
to 2010. Authors exploring primary central nervous system
lymphoma (PCNL) found major CD8 T-cell infiltration in
vascular areas expressing CXCL9, which has been shown to be
mainly expressed by pericytes and macrophages. Other than
CXCL9, CXCL12 shows an increased expression pattern in
PCNL, and in vitro studies reveal that together with CXCL9, it
forms a heterocomplex. The two cytokines synergize together,
recruiting CXCR3+/CXCR4+/CD8+ and malignant CXCR4-
dependent B-cell migration (Venetz et al., 2010).

5.1.6 Pericyte and neutrophil crosstalk: gap in
knowledge about cancer

Neutrophils represent a major population of white blood cells
and are divided into pro-tumorigenic and anti-tumorigenic
neutrophils, similar to macrophage classification.

Three-dimensional real-time imaging shows that neutrophils
migrate toward pericyte gaps in an ICAM- and KC (keratinocyte-
derived chemokine)-dependent manner, expressing ligands such as
Mac-1 and LFA-1. Pericyte shape is influenced by pro-inflammatory
cytokines such as TNF-α and IL-1β that bind to receptors present on
pericytes, leading to gap enlargement that facilitates neutrophil
transmigration (Proebstl et al., 2012). Two-photon microscopy
demonstrates how NG2 pericytes can instruct extravasated
leukocytes and macrophages, improving cell motility that results
in faster and more directional immune cell migration. Pro-
inflammatory stimuli, such as TNF and DAMP (damage-
associated molecular pattern), increase mainly MIF (macrophage
migratory inhibitory pattern) pericyte secretion other than
CCL2 and CXCL5, together with ICAM upregulation, which
mediates leukocyte orientation through CXCL8 and TLR4 and
TLR9 expression in neutrophils (Stark et al., 2013). Pericytes can
promote neutrophil activation via the IL-17-IL17RA pathway.
Following IL-17 stimulation, pericyte activation promotes
neutrophil secretion of pro-inflammatory molecules (IL-1α, IL-
1β, TNF, and IL-8), improves neutrophil survival through the
secretion of G-CSF and GM-CSF, and enhances neutrophil
phagocytosis (Liu et al., 2016). RNA sequencing analysis provides
a panel of upregulated chemokines involved in pericyte recruitment
when in vitro pericytes are co-cultured with macrophages upon
Streptococcus pneumoniae stimulation. Pericyte expresses a higher
amount of neutrophil-attracting chemokines, among which CXCL8-
derived pericytes have been shown to induce neutrophil in vitro
transmigration independently of the endothelial barrier (Gil et al.,
2022). Another piece of evidence confirms IL-8 pericyte secretion in
the mediation of neutrophil migration, showing that inflammatory
stimuli increase their adhesion, which is a process mediated by
MMP-2/9 (Pieper et al., 2013).

All the above-described interactions between pericytes and
neutrophils show the relevance of their crosstalk in the regulation
of immune responses but highlight a gap in knowledge regarding
their communication in the tumor microenvironment. The only
evidence to our knowledge that correlates pericytes and neutrophils
in cancer (tumor-associated neutrophils, TANs) indicates that
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neutrophils are the main cellular source of pro-angiogenic MMP9,
quantitatively surpassing TAMs. MMP-9 increased release has been
demonstrated in both isolating neutrophils and macrophages from
healthy tissue and investigating in vivo human prostate cancer
xenografts and Lewis lung carcinoma (LLC) mouse models.
Tumors enriched in MMP-9-delivering TAN are characterized by
enlarged vessels (11–20 µm in diameter), which are partially covered
by pericytes, suggesting a possible way for tumor dissemination.
MMP knockout mice show a decrease in pericyte coverage,
suggesting a correlation between neutrophils and their angiogenic
counterparts (Deryugina et al., 2014).

The information provided above emphasizes the importance
of investigating pericytes as a crucial stromal component of
the TME. This involves understanding their communication
with immune cells and how their interactions are influenced
by exposure to malignant cells, which can subsequently impact
their interactions with other TME cells. Moreover, within
the intricate dynamics of the TME, molecules from non-
tumor cells can also play a role in facilitating cancer cell
extravasation.

5.2 Tumor reprogramming and epithelial-
to-pericyte transition

Cancer cells from the primary mass, under the influence of TME
remodeling and the formation of abundant vessels unable to sustain
nutrient and oxygen demand, move toward a distant site where they
colonize and generate a secondary metastatic mass. A cancer cell
that leaves the primary mass is named a circulating tumoral cell
(CTC). CTCs intravasate into the primary mass vessels, move
through the bloodstream, and extravasate from vessels into new
distant tissues. One of the main orchestrators for the intravasation of
future CTCs is the neutrophil. Indeed, single-cell transcriptomic
studies suggest that CTCs originate from clusters with neutrophils
via upregulation of VCAM1 and ICAM1, capitalizing on the innate
abilities of these cells to facilitate their migration and intravasation.
Furthermore, interleukin 8 (IL8 or CXCL8) produced by CTCs
promotes the adhesion of neutrophil/CTC clusters to the
endothelium for extravasation at the pre-metastatic niche
(Figure 1) (Guo and Oliver, 2019; Di Russo et al., 2024). Based
on the fact that pericytes play an active role in the transmigration of
immune cells, including neutrophils (Stark et al., 2013), we suppose
that they may coordinate the neutrophil/CTC cluster intravasation/
extravasation, a field of research that remains largely unexplored but
holds significant promise.

This complex series of events is controlled by a process called
epithelial-to-mesenchymal transition (EMT), during which the
epithelial cancer cells can undergo reduction of cell–cell
adhesions, reorganization of the actin cytoskeleton, and
transformation into spindle-shaped mesenchymal cells with
heightened migratory and invasive capabilities. Classically, during
EMT, epithelial markers such as adherent junction protein
E-cadherin and tight junction proteins like claudins are
downregulated, while mesenchymal markers such as adhesion
protein N-cadherin, intermediate filament protein vimentin,
fibroblast-specific protein 1 (FSP1), and smooth muscle α-actin
(αSMA) are upregulated (Pastushenko and Blanpain, 2019).

Despite the huge amount of data present in the literature, the
EMT process is still not fully understood. Indeed, in aggressive
breast cancer, the higher expression of E-cadherin often correlates
with a more invasive and metastatic phenotype (Fulga et al., 2015).
Moreover, lineage-tracing experiments have revealed that the
majority of metastatic cancer cells do not activate the promoters
of FSP1 and vimentin, which are recognized as bona fide
mesenchymal markers. Furthermore, inhibiting EMT does not
impact the formation of spontaneous lung metastases, indicating
that EMT is not essential for metastasis (Fischer et al., 2015).

In this already complex and confounding scenario, the
mesenchymal products generated by EMT often express multiple
pericyte markers and associate with and stabilize blood vessels to
fuel tumor growth, thus phenotypically and functionally resembling
pericytes. This additional process is called epithelial-to-pericyte
transition (EPT), which defines the ability of cancer cells to
become pericyte-like cells.

One of the first pieces of evidence of EPT was reported by Cheng
et al., in 2013. Their study demonstrated that, in vivo, the cell lineage
tracing with constitutive and lineage-specific fluorescent reporters
showed that glioma stem cells (GSCs) generate the majority of
vascular pericytes in glioblastoma (Cheng et al., 2013). By tracking
epithelial cancer cells that underwent inducible or spontaneous
EMT in various tumor transplantation models, it was possible to
demonstrate that the majority of EMT cancer cells were specifically
located in the perivascular space and closely associated with blood
vessels. EMT markedly activated multiple pericyte markers in
carcinoma cells, in particular PDGFR-β and N-cadherin, which
enabled EMT cells to be chemoattracted toward and physically
interact with the endothelium (Shenoy et al., 2016).

Other pieces of evidence in glioblastoma support the existence of
EPT. For example, conditioned medium from glioblastoma
increased the proliferation and migration of glioblastoma-derived
mesenchymal stem cells (gb-MSCs) and could induce their
differentiation into pericytes. Glioblastoma secretes angiogenic
factors, and gb-MSCs cultured in a malignant glioblastoma-
conditioned medium exhibited a greater formation of tube-like
structures. Additionally, these cells adhered to tube-like vessels
formed by human umbilical vein endothelial cells (HUVECs) (Yi
et al., 2018). From a pharmacological point of view, the blood–tumor
barrier (BTB) is a major obstacle for drug delivery to malignant
brain tumors such as glioblastoma, and targeting GSC-derived
pericytes specifically disrupts the BTB and enhances drug
effusion into brain tumors (Zhou et al., 2017).

In a very recent work, Huang et al. demonstrated that CD44+

cancer stem cell (CSC)-derived pericyte-like cells, referred to as Cd-
pericytes, display remarkable potential for trans-endothelial
migration, facilitating effective intravasation and extravasation
through GPR124-mediated Wnt7-β-catenin activation. These Cd-
pericytes also possess the ability to dedifferentiate into tumorigenic
CSCs, initiating brain metastases. Consequently, targeting Cd-
pericytes, GPR124, or Wnt7-β-catenin signaling significantly
inhibits tumor metastasis (Huang et al., 2023).

To provide a comprehensive overview, it is crucial to acknowledge
the capability of pericytes to differentiate into fibroblasts, a
phenomenon termed pericyte-to-fibroblast transition (PFT), as
mentioned previously. In the cancer context, gain- and loss-of-
function experiments demonstrate that PDGF-BB–PDGFRβ
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signaling promotes PFT both in vitro and in vivo different human
tumors, which significantly contributes to tumor invasion and
metastasis (Hosaka et al., 2016). Interestingly, when pericytes are
cultured on soft polyacrylamide (PA) gels resembling the pliability of
healthy tissue, they maintain their original characteristics and actions.
However, when placed on stiff PA gels resembling the rigidity of
tumor tissue, pericytes tend to undergo PFT and exhibit increased
mobility and invasiveness (Feng et al., 2021).

At present, it is evident that cancer stem cell-derived pericytes
are able to interact with endothelial cells to coordinate the
intravasation/extravasation, but the relation between cancer stem
cell-derived pericytes and the inflammatory milieu still remains
unexplored.

5.3 Pericyte–inflammatory cell crosstalk in
the pre-metastatic niche

Tumor metastasis is the leading cause of most cancer-related
deaths. An important issue is that some tumors show a
predisposition to metastasize to selected organs, probably
influenced by the interaction with host factors (van Zijl et al.,
2011). The concept that the colonization of the secondary site is
not a matter of chance was described by Stephen Paget in 1889 with
the “seed and soil” theory, which proposed that the growth of tumor
cells (the seed) occurs in the distant organ (the soil), providing a
proper environment (Paget, 1989). However, the specific properties
of tissues that influence their colonization by tumor cells remain to
be elucidated.

Increasing evidence shows that the primary tumor supports
metastasis formation by inducing the construction of a receptive
microenvironment in secondary organs, termed the pre-metastatic
niche, which improves metastatic cell survival and proliferation (Liu
and Cao, 2016). The pre-metastatic niche consists of a complex
microenvironment that contains various types of cells, including
vascular and stromal cells, immune cells, extracellular matrix
proteins, and tumor-produced molecules (Paiva et al., 2018).
Primary tumors are believed to produce and liberate exosomes
into the bloodstream that induce changes in the
microenvironment of distant organs. Cancer-derived exosomes
exert an influence on the pre-metastatic microenvironment by
affecting several cell types (Paiva et al., 2018).

Pericytes making up vessels in the pre-metastatic niche are
altered in terms of reduced numbers and weaker connections
with endothelial cells and the basement membrane, resulting in
leaky vessels with increased permeability, thereby facilitating cancer
cell extravasation (Jiang et al., 2023). Guarino et al. (2021)
demonstrated that tumor-derived extracellular vesicles (t-EVs)
induce pathological angiogenesis. This is supported by decreased
pericyte coverage and increased co-localization of vascular
endothelial growth factor 2 (VEGFR2) with the endothelium,
achieved through TRPV4 downregulation-mediated activation of
Rho/Rho kinase/YAP/VEGFR2 pathways (Guarino et al., 2021). In a
breast cancer brain metastasis model, high permeability of the BTB
is associated with an increase in desmin+ and a decrease in CD13+

pericyte coverage, thus suggesting that altered prevalence of pericyte
subpopulations can influence the BTB permeability (Lyle
et al., 2016).

In addition to the direct involvement of pericytes, there is
evidence of a pericyte-like function in different cellular types in
the pre-metastatic niche. Disseminated tumor cells can exploit
pericyte locations to migrate and extravasate into the target
organ. Lugassy et al. (2024) described the migration capabilities
of melanoma cells along the outside of vessels, a mechanism termed
“extravascular migratory metastasis,” taking a pericyte-like position
(Lugassy et al., 2024). Disseminated cancer cells further employ cell
adhesion molecule L1 (L1CAM) in pericytes to mediate their
adhesion and spreading along the basement membrane of the
vasculature; this displaces resident pericytes and facilitates their
spread on capillaries through the activation of L1CAM-YAP
signaling (Er et al., 2018).

As mentioned in the previous paragraph, CD44+ lung CSCs
generate the majority of pericytes in the perivascular niches of lung
adenocarcinoma. These CSC-derived pericyte-like cells (Cd-
pericytes) exhibit enhanced trans-endothelial migration (TEM)
capacity through G-protein-coupled receptor 124 (GPR124),
allowing them to intravasate into the vessel lumina, survive in
the bloodstream, and extravasate into the metastatic site. Upon
arrival at the brain parenchyma, Cd-pericytes are able to de-
differentiate into tumorigenic CSCs, facilitating metastasis
formation (Huang et al., 2023). Moreover, MSCs can display a
pericyte-like function in the metastatic site. Melanoma cancer cells
co-expressing CD146 and Sdf-1/CXCL12-CXCR4 signaling interact
with local MSC-derived pericytes, which regulate their extravasation
to murine bone marrow and liver (Correa et al., 2016).

Pericytes, in addition to their role as perivascular cells, also act
as effector cells involved in the establishment of the pre-metastatic
microenvironment. Tumor-derived factors secreted by cancer cells
induce the loss of traditional surface markers in pulmonary
pericytes by increasing the expression of the pluripotency gene
Klf4, followed by enhanced extracellular matrix synthesis that
creates a pro-metastatic fibronectin-abundant environment
(Murgai et al., 2017). Colorectal cancer-secreted factors (CCSFs)
induce a decrease in cellular extensions and phosphorylated
myosin light chain (p-MLC) levels in pericytes that are
associated with a relaxed pericyte phenotype, resulting in gaps
in vessel coverage. CCSFs also inhibit pericyte activities of
degrading or depositing collagen, leading to reduced collagen
density within the microenvironment (Nairon et al., 2022). A
recent study shows that pancreatic ductal adenocarcinoma
(PDAC)-derived exosomes induce an ectopic α-smooth muscle
actin (αSMA) expression in pericytes that correlates with
intratumoral hypoxia and vascular leakiness. Moreover, αSMA
+ pericytes exhibit an immunomodulatory phenotype, as
evidenced by the increased expression of CD80, CD86, HLA-
DRA, and CD274 immunoregulatory molecules (Natarajan
et al., 2022).

To reach the target site, inflammatory cells must overcome
several physical barriers, including the endothelium, the vascular
basement membrane, and the pericyte coverage (Armulik et al.,
2011). It is therefore reasonable that the presence of leaky vessels
with increased permeability facilitates immune cell extravasation.
Some pieces of evidence indeed demonstrate that sites characterized
by gaps between pericytes are preferentially used by inflammatory
cells to overcome the vessel wall (Wang et al., 2006; Voisin
et al., 2010).
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A recent study assessing the transcriptional alteration using
single-cell RNA sequencing on brain metastasis shows that the
extent of pericyte coverage negatively correlates with immune cell
infiltration. Brain metastases were shown to be enriched in clusters
of pericytes that interfere with extracellular matrix synthesis,
mobility, and vascularization. Mural cell depletion has been
found to correlate with an amount of total CD45+ cell infiltration
and an increase in CD3+ cells, which can be possibly mediated by the
downregulation of claudin-5, as shown in pericyte-depleted tumors.
Moreover, immune checkpoint molecules like CD276 have been
found upregulated in both endothelial and mural cells in brain
metastasis, highlighting the tumor-associated vasculature as a
crucial player in immune regulation (Bejarano et al., 2024).

Beyond the physical matter of vessel coverage, a lot of studies
have illustrated the direct crosstalk between pericytes and immune
cells that occurs in the primary tumor site, but the interaction
between these two cell types in the pre-metastatic
microenvironment remains to be elucidated. The proof of
interaction between pericytes and immune cells was obtained
from Wang et al., who compared normal, tumor, and metastasis
samples of lung adenocarcinoma to explore different cellular
landscapes. The cell–cell communication analysis of metastasis
samples reveals an increase in pericytes in metastatic tissue,
where they interact with B cells, cytotoxic T cells, dendritic cells,
endothelial cells, epithelial cells, M1 macrophage, memory T cells,
regulatory T cells, monocytes, and NK cells via the MDK-NCL
pathway. This interaction represents an important hallmark in the
transformation of the tumor microenvironment and indicates the
activation of cancer-associated fibroblast (CAF)-mediated
downstream pathways that facilitate tumor invasion (Wang et al.,
2023). Only a few other studies explored potential pericyte–immune
cell interactions in the metastatic microenvironment. It has been
demonstrated that distant primary tumors induce matrix
metalloproteinase 9 (MMP9) release in endothelial cells and
macrophages via VEGFR-1/Flt-1 tyrosine kinase in the pre-
metastatic lung and that it significantly promotes lung metastasis
(Hiratsuka et al., 2002). Moreover, Yan et al. (2010) showed that Gr-
1+CD11b+ MDSCs are increased in the lung before metastatic cell
arrival and promote decreased pericyte coverage and aberrant
vasculature formation through the production of MMP9 (Yan
et al., 2010).

Further investigations are warranted to elucidate the reciprocal
influence between pericytes and immune cells in the formation of
the pre-metastatic niche. This area of research holds great potential
for uncovering novel therapeutic targets and strategies aimed at
disrupting the metastatic process in cancer.

6 Pericytes in cancer therapy

Conventional cancer therapy approaches have focused primarily
on fighting tumors by completely cutting off their blood supply,
targeting directly PDGF and/or VEGF.

However, anti-angiogenic drugs showed limited efficacy in
clinics for several types of solid tumors since decreased pericyte
coverage in tumor vasculature results in leaky vessels with increased
permeability, thereby facilitating cancer cell intravasation and
metastasis formation (Meng et al., 2015). Indeed, the presence of

leaky vessels in tumors can result in reduced blood flow, leading to
greater difficulty for antineoplastic drugs to effectively reach
the tumor mass.

For this reason, new emerging therapies involve vascular
normalization, consisting of remodeling tumor vessels to re-
establish their structure and function, thus improving tumor
perfusion to normalize the delivery rate of oxygen and reduce
hypoxia, preventing cancer cell intravasation, and conveying
therapies (Majidpoor and Mortezaee, 2021; Yang et al., 2021;
Choi et al., 2023). In tumors with poor pericyte coverage,
maintaining vessel integrity with pericyte-targeted vascular
normalization therapies could prevent metastasis and improve
treatment outcomes.

6.1 Anti-angiogenic drugs targeting VEGF
signaling and their impact on vascular
normalization

In 1993, Napoleone Ferrara’s group demonstrated that
treatment with an anti-VEGF monoclonal antibody decreases
vascular density and inhibits tumor growth in nude mice bearing
xenografts of rhabdomyosarcoma, glioblastoma multiforme, and
leiomyosarcoma (Kim et al., 1993). These results were confirmed
in murine models of colorectal cancer, where the administration of a
VEGF monoclonal antibody led to a dose- and time-dependent
growth delay of subcutaneous xenografts and an accompanying
reduction in the number and size of liver metastasis (Warren et al.,
1995). However, despite the promising preclinical results, the effects
of anti-VEGF monotherapy in clinical trials have not always
been promising.

The first available anti-angiogenic therapy was bevacizumab, a
macromolecular human monoclonal antibody that prevents the
activation of VEGF signaling pathways by binding to soluble
VEGF isoforms, thus preventing the interaction of VEGF with its
receptor (Liu et al., 2023). Pericytes are believed to have an active
role in the efficacy of bevacizumab treatment in colorectal cancer.
Chondroitin sulfate proteoglycan 4 (CSPG4) is a cell surface
proteoglycan released from pericytes to influence tumor
angiogenesis. A recent study shows that the CSPG4-positive
group had a better response rate to bevacizumab treatment, as
well as longer progression-free survival (PSF) or overall survival
(OS) (Besler et al., 2022).

Bevacizumab monotherapy in metastatic melanoma patients
demonstrated promising clinical efficacy, showing disease control
in 31% of patients (Schuster et al., 2012). In high-grade gliomas
instead, early phase II clinical trials with bevacizumab showed
promising results, but these results have not been confirmed in
Phase III trials (Khasraw et al., 2014). Moreover, bevacizumab
maintenance monotherapy during chemotherapy-free intervals
(CFI) in metastatic colorectal cancer did not improve tumor
control duration, CFI duration, PSF, or OS (Aparicio et al., 2018).

If clinical trials of anti-VEGF monotherapy have generally had
negative results in patients with solid tumors, combination
approaches of anti-VEGF therapy with conventional
chemotherapy have demonstrated improved survival in cancer
patients compared with chemotherapy alone. Disruption of the
pro-angiogenic VEGF–VEGFR interaction normalizes the tumor
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vasculature, promoting the efficacy of chemotherapeutic agents by
increasing their delivery into the tumor mass (Shrimali et al., 2010).
For example, the combination of bevacizumab with systemic
chemotherapy significantly improves PSF and OS in large,
randomized phase III clinical trials compared to systemic
chemotherapy alone (Goel et al., 2011). In 2004, the FDA
approved bevacizumab in combination with intravenous 5-
fluorouracil-based chemotherapy for first- or second-line
treatment of patients with metastatic colorectal cancer. During
the years following the first indication, bevacizumab was
approved for various other cancers in combination with
chemotherapy (Majidpoor and Mortezae, 2021; Liu et al., 2023).

Tumor relapse after bevacizumab therapy could also be bypassed
with the administration of anti-idiotype (Id) antibodies to maintain
stable levels of VEGF-binding antibodies. Sanches et al. (2016)
demonstrated that mice immunized with an anti-bevacizumab
idiotype mAb have reduced B16-F10 tumor growth, with more
extensive necrotic areas, reduced CD31-positive vascular density, and
decreased infiltration of CD68-positive cells (Sanches et al., 2016).

Vaccine-based therapy against VEGFR showed promising
results. A phase II trial reported that gemcitabine in combination
with elpamotide, a peptide vaccine containing HLA-A*24:02-
restricted epitope peptide of VEGFR-2, improves the median OS
of patients with advanced or recurrent biliary tract cancer.
Moreover, it has been reported that patients who developed
injection site reactions, probably signs of delayed hypersensitivity
provoked by peptide-reactive T cell sensitization, have a significantly
extended median OS compared to patients without injection site
reactions (Matsuyama et al., 2015).

In some preclinical studies, anti-VEGF therapy improved
vascular pericyte coverage, resulting in a reduction in metastatic
cell intravasation, tumor hypoxia, and interstitial fluid pressure and
increased delivery, as well as efficacy of cancer therapies (Goel et al.,
2011). Shrimali et al. (2010) showed that the vessel normalization
induced by VEGF/VEGFR-2 axis inhibition increases extravasation
of adoptively transferred T cells into the tumor and improves
adoptive cell transfer (ACT)-based immunotherapy in the
B16 melanoma model (Shrimali et al., 2010).

Normalizing blood vessels facilitates immune cell penetration
into tumors. Combining vascular normalization with
immunotherapy may be a good approach to improving treatment
outcomes (Quian et al., 2023). Several anti-angiogenic drugs have
been proved to have an effect on normalizing blood vessels (Wilhelm
et al., 2011; Sharma et al., 2013; Hillman et al., 2014; Liu et al., 2021).
Immunotherapeutic drugs even show vascular normalization effects;
it has been reported that the production of IFN-γ induced by
immune checkpoint inhibitors (ICIs) in CD4+/CD8+ T cells
improves vascular normalization by stimulating the accumulation
of pericytes in blood vessels and increasing vasculature pericyte
coverage. These findings suggest that vessel perfusion deflects the
activation of T cell immunity against tumors, and it could be
considered an indicator for predicting immune checkpoint
blockade responsiveness. Since anti-angiogenic treatment has a
narrow effect on vascular normalization, the association between
anti-angiogenic therapy and ICIs can expand the normalization
window (Zheng et al., 2018; Liu et al., 2021).

Dr. Rakesh K. Jain introduced the idea that the use of a proper
dose of anti-angiogenic agents could reduce vascular permeability

and interstitial fluid pressure and improve tumor vessel perfusion to
repristinate the structure and function of tumor vessels (Jain, 2005).
In this view, it has been demonstrated that lower doses of anti-VEGF
receptor 2 (VEGFR2) antibodies, but not high anti-angiogenic doses,
result in a more homogeneous distribution of functional tumor
vessels. Lower doses are furthermore superior in enabling CD4+ and
CD8+ T-cell tumor infiltration and changing tumor-associated
macrophages from an immune inhibitory M2-like polarization
toward an immune stimulatory M1-like phenotype. Based on this
mechanism, lower-dose anti-VEGFR2 therapy with a whole cancer
cell vaccine therapy that induces T-cell activation showed enhanced
anticancer efficacy in murine breast cancer models (Huang
et al., 2012).

Together, these findings indicate that the vascular-
normalization impact of anti-VEGFR drugs reprograms the TME
from immunosuppression toward an anti-cancer effect and
improves other cancer therapies.

6.2 Vascular normalization via anti-
PDGF agents

Inhibition of PDGFRβ signaling significantly affects tumor
progression and angiogenesis, depending on PDGF-BB
expression, compromising pericyte coverage and tumor
vascularization (Tsioumpekou et al., 2020).

Targeting PDGFRβ with pharmacologic intervention has shown
significant results in the treatment of several solid tumors. It has
been demonstrated that imatinib, a receptor tyrosine kinase
inhibitor (TKI), compromises lymphoma cell growth in both
human xenograft and murine allograft models. Specifically,
imatinib induces apoptosis of tumor-associated
PDGFRβ1 pericytes, followed by disruption of tumor vasculature
integrity (Ruan et al., 2013). Depletion of PDGFRβ+ pericytes also
induces apoptosis of CD31+ vascular ECs and loss of perivascular
integrity in vivo (Chute and Himburg, 2013).

Regrettably, clinical trials have provided evidence showing that
PDGFRβ inhibition with imatinib alone has been ineffective. Several
clinical data results indeed correlate low pericyte coverage with
enhanced metastasis formation and poor patient prognosis (Cooke
et al., 2012). Xian et al. (2006) showed that primary pericyte-
deficient PDGF-Bret/ret mice have increased tumor cell metastasis
in local lymph nodes and distant organs, suggesting a role of
pericytes in reducing metastasis formations (Xian et al., 2006).

The controversial observations described by various groups
about the favorable or unfavorable results of pericyte depletion
may explain the opposite effects of anti-PDGF drugs on vascular
remodeling in tumors with high or low levels of PDGF-BB
expression.

Confounding data revealed that PDGF-BB-positive tumors
contain a significantly higher density of CD31-positive vessels
but a markedly reduced number of NG2-positive pericytes
compared with PDGF-BB-negative tumors. Moreover, residual
NG2+ pericytes in PDGF-BB tumors are disassociated from the
vasculature, as opposed to PDGF-BB-negative tumors, where
pericytes are associated with blood vessels. Consequently, the
vessel architecture becomes increasingly disorganized and leaky,
along with increased levels of PDGF-BB release. Although PDGFR-β
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blockades prevent neo-vasculature formation in both PDGF-BB-
positive and -negative tumors, they significantly inhibit metastasis
formation by preventing pericyte loss and vascular permeability in
high PDGF-BB-expressing tumors, but the same treatment leads to
an increased number of cancer metastases in PDGF-BB-non-
expressing tumors, thus suggesting that PDGF-BB levels in
tumors might be potentially used as a marker to achieve
personalized therapy (Hosaka et al., 2016).

To add complexity to this scenario, targeting the PDGF signaling
axis can improve hypoxia-induced EMT of cancer cells and
subsequent distant metastasis formation. While primary tumor
growth in in vivo models is reduced with pericyte ablation, the
number of circulating tumor cells and lung metastasis is greatly
enhanced after PDGFRβ+ cell depletion (Cooke et al., 2012).
However, in tumors that have already undergone EMT, such as
vascular mimicry-occurring (VM+) tumors, anti-PDGF signaling
treatment could decrease tumor cell aggressiveness. In vivo studies
show increased pericyte number in VM + tumors compared with
VM−tumors since VM + tumor cells are believed to influence vessel
maturation by recruiting and interacting with pericytes. This
increase in pericyte recruitment could result from the induction
of elevated levels of PDGF-B. Targeting the PDGF-B signaling axis
therefore induces a therapeutic effect in VM + tumor models
(Thijssen et al., 2018).

6.3 Different anti-angiogenic drugs as a
combined strategy

An effective therapeutic protocol provides combined therapies
with synergistic or additive effects that improve the prognosis. A
widely explored strategy involves combining anti-angiogenic agents
with chemotherapy.

For example, olaratumab is a platelet-derived growth factor
receptor alpha (PDGFR-α) blocking antibody that received the
FDA approval in 2016 for use in combination with doxorubicin
for the treatment of adult patients with advanced soft tissue sarcoma
(STS) (Shirley, 2017).

Although anti-angiogenic therapy has shown positive outcomes
in various human cancers, its effects in most pre-clinical and clinical
studies turned out to be transient, resulting in rapid relapse and
tumor regrowth (Bergers and Hanahan, 2008; Darvishi et al., 2019).
The inhibition of VEGFR and PDGFβ receptor (PDGFRβ) signaling
to simultaneously target both endothelial cells and pericytes,
respectively, has been investigated to enhance the efficacy of
antiangiogenic tumor therapy and overcome the development of
drug resistance in tumors. For example, PDGF/NF-κB/Snail axis-
induced downregulation of VEGFR-2 expression in ECs leads to the
development of anti-VEGF therapy resistance in GMB. It has been
demonstrated that dual VEGFR/PDGFR inhibition reduces tumor-
associated ECs and improves the survival of GBM-bearing mice (Liu
et al., 2018). A higher cytotoxic effect has been shown in
glioblastoma cells with the use of a combined therapy with
PDGFR and VEGFR inhibitors or a dual targeting pathway
compared to a single treatment (Purcaru et al., 2015). The
treatment with low-dose bevacizumab added to PDGF-R
inhibition using imatinib in a xenograft mouse model increases
vascular normalization without incremental collagen IV deposition

that normally affects the favorable outcome of VEGF targeting
drugs, leading to reduced vascular leakiness and improved
perfusion and access for therapy (Schiffmann et al., 2017).

Several tyrosine kinase inhibitors (TKIs) targeting different
spectra of tyrosine kinases have been developed as anti-
angiogenic therapies. Sunitinib, a multi-kinase inhibitor, targets
VEGFR-1/-2/-3, Flt-3, c-Kit, RET, and PDGFRα/β. It is currently
approved for the treatment of gastrointestinal stromal tumors
(GISTs) and renal cell carcinoma (RCC) (Yu et al., 2023), and it
was the first TKI approved for treating advanced pancreatic
neuroendocrine tumors (Majidpoor and Mortezaee, 2021; Liu
et al., 2023). Sorafenib, a type II multi-targeted inhibitor (Raf,
VEGFR-1/-2/-3, and PDGFR), is approved for the treatment of
RCC and hepatocellular carcinoma (HCC). Pazopanib, another
multi-kinase inhibitor (VEGFR-1/-2/-3, PDGFRα/β, and c-Kit), is
also approved for the treatment of RCC (Majidpoor and Mortezaee,
2021; Liu et al., 2023; Yu et al., 2023). Regorafenib inhibits multiple
kinases targeting angiogenic (VEGFR1-3, TIE2), stromal (PDGFR-
β, FGFR), and oncogenic receptor tyrosine kinases (KIT, RET, and
RAF). It is approved for the treatment of HCC patients who have
progressed during or after sorafenib therapy (Heo and Syed, 2018).
Anlotinib, a novel multi-targeting tyrosine kinase inhibitor
(VEGFR, FGFR, PDGFR, and c-Kit), is approved by the National
Medical Products Administration (NMPA) in China for the
treatment of locally advanced or metastatic non-small-cell lung
cancer (NSCLC) patients who develop tumor progression or
recurrence after ≥2 lines of systemic chemotherapy (Syed, 2018).

6.4 Immunomodulatory effects of anti-
angiogenic drugs and their combination
with immunotherapy

In addition to its role in angiogenesis, VEGF also modulates
tumor-induced immunosuppression, thus suggesting
immunomodulatory properties of anti-VEGF therapy and
opening up new approaches that involve a combination of anti-
VEGF agents with immunotherapy (Majidpoor and Mortezaee,
2021). VEGF-A modulates several immune cells (dendritic cells,
myeloid-derived suppressor cells, and tumor-associated
macrophages) in tumor-bearing hosts with the goal of
accumulating regulatory T-cells while simultaneously inhibiting
T-cell tumor-suppressive functions. Based on these assumptions,
several clinical trials have been conducted to evaluate the efficacy of
anti-angiogenic agents targeting VEGF-A/VEGFR combined with
immunotherapy (Bourhis et al., 2021). For example, the
combination of bevacizumab with atezolizumab, an immune
checkpoint inhibitor (ICI), has recently been approved in
NSCLC, and the benefits of the combination treatment have also
been demonstrated in hepatocellular carcinoma (Cheng et al., 2019;
Garcia et al., 2020; Cheng et al., 2022). For the treatment of
hepatocellular carcinoma, combination therapy using anti-PD-
1 antibody camrelizumab plus VEGFR2-targeted TKI rivoceranib,
in a randomized, open-label, international phase III trial, improved
patient progression-free survival and overall survival compared with
sorafenib monotherapy (Qin et al., 2023).

Similar to VEGF, PDGF also has immunomodulatory capabilities.
PDGF-AB dimer was shown to inhibit dendritic cell maturation by
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upregulating the expression of C-type lectin-like receptor 2 (CLEC2) and
inducing FoxP3+Tregs polarization (Agrawal et al., 2015). Increasing
evidence shows that kinase inhibitors adopted two strategies,
i.e., inhibition of PDGFR molecular pathways and modulation of
immunologic processes. Treatment with imatinib of fibrosarcoma
protuberans carrying the fibrosarcomatous transformation (FS-DFSP)
induced the accumulation of activated CD3+ T cells and CD163+CD14+

myeloid cells expressing the CD209 marker in post-therapy lesions
(Tazzari et al., 2017). Immunomodulatory effects of imatinib have
also been observed in chronic myeloid leukemia, where the drug
elicits antigen-specific T-cell responses, thus protecting patients
against relapses. Imatinib also boosts interferon α (IFN-α) secretion in
NK cells and reduces regulatory T-cell number in patients affected by
gastrointestinal tumors. Furthermore, the results highlight an increase in
PD-1 expression on T cells in imatinib-treated human gastrointestinal
stromal tumors (GISTs). Moreover, the treatment with imatinib of
human GIST cell lines abrogates the upregulation of PD-L1 induced
by IFN-γ via STAT1 inhibition (Seifert et al., 2017). These data suggest
that imatinib in combination with immunotherapies could improve
long-term relapse-free survival and prevent the formation of resistant
clones (Zitvogel et al., 2016).

Combination strategies of multi-target anti-angiogenesis
inhibitors with immunotherapy have shown promising efficacy.
Transient treatment with sunitinib increases the pericyte-
wrapping blood vessels, which results in tumor vascular
normalization and alleviates hypoxia in tumors. This is followed
by decreased Treg cells and increased infiltration of CD8+ T cells
with inhibited TGF-β1 and IL-10 expression and increased levels of
CCL-28, IFN-γ, and IL-12. Since sunitinib malate increases the
levels of PD-1 and PD-L1 in the TME of tumor-bearing mice, its
combined therapy with anti-PD-1 agents displays a significant
reduction in tumors compared with either monotherapy,
suggesting that it is reasonable to apply anti-PD-1 therapy after
sunitinib malate treatment (Li W. et al., 2020). Sunitinib treatment
increases the antitumor immunity response in a phase III trial,
where a higher PD-L1 level and a lower p62 level were observed in
the tumor region of anti-PD-1-treated responder NSCLC patients

compared to non-responder patients. Mechanistically, it was
discovered that sunitinib regulates the stability of tumor PD-L1
via p62, which binds to PD-L1 and promotes its degradation
through its translocation into autophagic lysosomes. Moreover,
sunitinib in combination with the cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) monoclonal antibody shows a
synergistic antitumor effect by promoting tumor-infiltrating
lymphocyte activity in melanoma and NSCLC mouse models (Li
H. et al., 2020). Another multi-kinase inhibitor, anlotinib, in ICI
combination therapy, achieved favorable clinical outcomes in LUAD
and advanced NSCLC patients (Yu et al., 2023). Sintilimab plus
anlotinib therapy in a phase II trial has proven to be efficacious and
safe as second-line or later therapy for patients with advanced
cervical cancer who received unsuccessful prior chemotherapy
(Xu et al., 2022).

Other examples of combination therapies showing improvements
in clinical trials are pembrolizumab plus axitinib, which increased OS
and PFS in a phase III study of metastatic RCCmonotherapy (Tamada
et al., 2022), lenvatinib with pembrolizumab, which demonstrated
significant progress in PFS, OS, and overall response rate (ORR) in
patients with advanced RCC (Choueiri et al., 2023), both compared
with sunitinib monotherapy, and avelumab plus axitinib for advanced
renal cell carcinoma treatment (Larkin et al., 2023).

In addition to anti-PD1/PDL1 axis therapies, other
immunotherapies show benefits in combination with multi-target
anti-angiogenesis drugs. For example, MD5-1 is an anti-death
receptor 5 (DR5) monoclonal antibody that induces tumor cell
death mainly via antigen-presenting cells (APCs) and generates
tumor-specific effector T cells. In concordance with improved
vasculature normalization and alleviated hypoxia, the combination
therapy between MD5-1 and sunitinib enhances the number of
activated tumor-infiltrating CD8+ T cells, suggesting that targeting
blood vessels with anti-angiogenic therapy leads to potential benefits
for immunotherapy mediated by CD8+ T cells and APCs (Tsukita
et al., 2018).

The main ICI plus anti-angiogenic agent combinations are listed
in Table 2.

TABLE 2 Combination therapy using anti-angiogenic agents with immunotherapy.

Combined therapy Type of cancer Study type Reference

Bevacizumab + atezolizumab Non-small-cell lung cancer (plus paclitaxel and
carboplatin)
Hepatocellular carcinoma

Approved
Phase III

Cheng et al., 2019
Cheng et al., 2022; Garcia et al., 2020

Rivoceranib + camrelizumab Hepatocellular carcinoma Phase III Qin et al. (2023)

Anlotinib + sintilimab Metastatic cervical cancer
Advanced non-small-cell lung cancer

Phase II
Phase 1b

Xu et al. (2022)
Yu et al. (2023)

Axitinib + pembrolizumab Metastatic renal cell carcinoma Phase III Tamada et al. (2022)

Lenvatinib + pembrolizumab Advanced renal cell carcinoma Phase III Choueiri et al. (2023)

Avelumab + axitinib Advanced renal cell carcinoma Phase III Larkin et al. (2023)

Sunitinib + MD5-1 Breast cancer model Preclinical Tsukita et al. (2018)

Sunitinib + anti-PD-1 Hepatocellular carcinoma model Preclinical Li et al. (2020b)

Sunitinib + anti-CTLA-4 Melanoma and Lewis lung carcinoma model Preclinical Li et al. (2020a)

Anti-VEGF + ACT-based immunotherapy Melanoma Preclinical Shrimali et al. (2010)
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6.5 New pericyte-targeted therapeutic
approaches

As already mentioned, the altered association between ECs
and pericytes in the tumor microenvironment results in a local
tissue milieu characterized by high interstitial fluid pressure,
acidosis, and hypoxia. Such environmental stressors are
believed to promote epigenetic reprogramming in tumor-
associated EC and pericytes that exhibit markedly different
genomic and proteomic profiles compared to their
counterparts in normal tissues, thus suggesting the possibility
of immunologically targeting tumor-blood vessel-associated
antigens (TBVAs) (Fabian et al., 2017). It has been shown that
TBVA-targeted vaccines in murine models promote therapeutic
CD8+ T cell responses that extend overall survival (Zhao et al.,
2012). One example of TBVA that, when targeted, showed
promising results is delta-like homolog 1 (DLK1).
Overexpression of DLK1 has been found in pericytes within
human renal cell carcinoma (RCC) biopsies or in murine
models of renal carcinomas (RENCA). Interestingly, tumor
growth inhibition and increased rates of CD8 cytotoxic tumor
infiltrating lymphocyte (TIL) and vascular normalization have
been achieved after therapeutic vaccination against DLK1 in
RENCA-bearing mice (Chi Sabins et al., 2013).

Unfortunately, it has also been reported that there is a
reciprocal regulation between Dlk1 and its homolog, delta-
like homolog 2 (DLK2) gene expressions, resulting in a
compensatory increase of DLK2 expression in pericytes after
therapeutic vaccination against DLK1 in RENCA-bearing mice.
For this reason, Fabian et al. demonstrated a higher effect of
combined vaccination against DLK1 and DLK2, with increased
antitumor benefits when compared with single-antigen
vaccination in both RENCA-bearing mice and B16 melanoma
tumor model, leading to vascular normalization and higher
recruitment and activation of antigen-specific CD8C TIL
(Fabian et al., 2017).

Another strategy that has been used to target DLK1 involves the
application of the alpha type-1 polarized DC vaccine (aDC1). This
approach demonstrated anti-tumor effects in a syngeneic mouse
model of colorectal cancer by improving cytotoxic T lymphocyte
activity and affecting the tumor vasculature (McCormick
et al., 2023).

In addition to DLK1, RGS5 is an endogenous pericyte antigen
that is considered a critical mediator of abnormal vascularization.
It has been shown that Listeria monocytogenes (Lm)-based vaccine
targeting RGS5 exhibits potent anti-tumor effects by recruiting
functional type-1-associated T cells and reducing tumor blood
vessel rates in syngeneic mouse models of CRC. Since CRC
progression and survival are dependent on the functionality of
blood vessels that oxygenate tumor tissues and mediate metabolic
processes, targeting RGS5 could potentially be a promising
therapeutic approach against vascularized tumors like CRC
(Anderson et al., 2023).

In the field of cancer immunotherapy, chimeric antigen
receptors (CARs) targeting specific vascular cell-expressed
antigens have become a new revolutionary support in
anticancer treatments. In this context, CAR-NK cells in
particular showed more selective anticancer activity with less

off-tumor toxicity than CAR-T cells. Pericytes are believed to
significantly alter stemness, angiogenesis, vessel perfusion, and
BBB permeability and affect immune suppression in the GBM
microenvironment (Sattiraju andMintz, 2019). Since a single-cell
analysis study highlighted that CD19 is more expressed in brain
pericytes than in lung pericytes (Parker et al., 2020), Kong et al.
hypothesized that CD19 CAR-NK therapy could be employed in
the treatment of glioblastoma. Specifically, they performed
CD19 CAR transduction in induced pluripotent stem cell-
derived NK (iNK) cells, and they observed that the treatment
of GBM-blood vessel assembloid (GBVA) xenografts with
CD19 CAR-iNK cells exhibits greater antitumor efficacy (Kong
et al., 2024).

In conclusion, given their role in tumor proliferation, invasion,
immune-evasion, and metastasis, pericytes are increasingly
establishing themselves as a potential target for several anti-
cancer therapies. Anti-angiogenic treatment has become an
important anti-tumor strategy, especially from the perspective
of vascular normalization, but some limitations, such as
transient treatment efficacy, encourage researchers to investigate
new therapeutic approaches. Combination therapies or
immunologically targeted tumor-blood vessel-associated
antigens have shown beneficial effects for the treatment of
several types of tumors.

A more in-depth understanding of pericyte functions could lead
to more therapeutic opportunities for cancer patients.

Author contributions

MM: conceptualization, writing–original draft, and
writing–review and editing. FCB: conceptualization,
writing–original draft, and writing–review and editing. AAG:
conceptualization, writing–original draft, writing–review and
editing, funding acquisition, and supervision.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article.

Acknowledgments

The authors acknowledge funding support from the following
sources: PRIN 2022 20228YKCF2; Fondazione Cariplo Rif. 2020-
3598 to AAG. Additionally, the authors extend their gratitude to Dr.
Benedetta Roncaglio and Dr. Alice Franco for their invaluable
assistance in screening the literature.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Frontiers in Pharmacology frontiersin.org17

Moro et al. 10.3389/fphar.2024.1426033

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1426033


Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors, and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Agrawal, S., Ganguly, S., Hajian, P., Cao, J. N., and Agrawal, A. (2015). PDGF
upregulates CLEC-2 to induce T regulatory cells. Oncotarget 6 (30), 28621–28632.
doi:10.18632/oncotarget.5765

Aimaiti, Y., Yusufukadier, M., Li, W., Tuerhongjiang, T., Shadike, A., Meiheriayi, A.,
et al. (2019). TGF-β1 signaling activates hepatic stellate cells through Notch pathway.
Cytotechnology 71, 881–891. doi:10.1007/s10616-019-00329-y

Anderson, T. S., McCormick, A. L., Daugherity, E. A., Oladejo, M., Okpalanwaka, I. F.,
Smith, S. L., et al. (2023). Listeria-based vaccination against the pericyte antigen
RGS5 elicits anti-vascular effects and colon cancer protection. Oncoimmunology 12
(1), 2260620. doi:10.1080/2162402X.2023.2260620

Andersson, P., Yang, Y., Hosaka, K., Zhang, Y., Fischer, C., Braun, H., et al. (2018).
Molecular mechanisms of IL-33-mediated stromal interactions in cancer metastasis. JCI
insight 3 (20), e122375. doi:10.1172/jci.insight.122375

Aparicio, T., Ghiringhelli, F., Boige, V., Le Malicot, K., Taieb, J., Bouché, O., et al.
(2018). Bevacizumab maintenance versus No maintenance during chemotherapy-free
intervals in metastatic colorectal cancer: a randomized phase III trial (prodige 9). J. Clin.
Oncol. official J. Am. Soc. Clin. Oncol. 36 (7), 674–681. doi:10.1200/JCO.2017.75.2931

Asahina, K., Zhou, B., Pu, W. T., and Tsukamoto, H. (2011). Septum transversum-
derived mesothelium gives rise to hepatic stellate cells and perivascular mesenchymal
cells in developing mouse liver. Hepatol. Baltim. Md 53 (3), 983–995. doi:10.1002/hep.
24119

Baek, S. H., Maiorino, E., Kim, H., Glass, K., Raby, B. A., and Yuan, K. (2022). Single
cell transcriptomic analysis reveals organ specific pericyte markers and identities. Front.
Cardiovasc. Med. 9, 876591. doi:10.3389/fcvm.2022.876591

Baek, S. H., Maiorino, E., Kim, H., Glass, K., Raby, B. A., and Yuan, K. (2022). Single
cell transcriptomic analysis reveals organ specific pericyte markers and identities. Front.
Cardiovasc. Med. 9, 876591. doi:10.3389/fcvm.2022.876591

Bandopadhyay, R., Orte, C., Lawrenson, J. G., Reid, A. R., De Silva, S., and Allt, G.
(2001). Contractile proteins in pericytes at the blood-brain and blood-retinal barriers.
J. Neurocytol. 30 (1), 35–44. doi:10.1023/a:1011965307612

Banerjee, S., Ghosh, T., Barik, S., Das, A., Ghosh, S., Bhuniya, A., et al. (2014). Neem
leaf glycoprotein prophylaxis transduces immune dependent stop signal for tumor
angiogenic switch within tumor microenvironment. PloS one 9 (11), e110040. doi:10.
1371/journal.pone.0110040

Bejarano, L., Kauzlaric, A., Lamprou, E., Lourenco, J., Fournier, N., Ballabio, M., et al.
(2024). Interrogation of endothelial and mural cells in brain metastasis reveals key
immune-regulatory mechanisms. Cancer Cell. 42 (3), 378–395.e10. doi:10.1016/j.ccell.
2023.12.018

Bell, R. D., Winkler, E. A., Sagare, A. P., Singh, I., LaRue, B., Deane, R., et al. (2010).
Pericytes control key neurovascular functions and neuronal phenotype in the adult
brain and during brain aging. Neuron 68 (3), 409–427. doi:10.1016/j.neuron.2010.
09.043

Bergers, G., and Hanahan, D. (2008). Modes of resistance to anti-angiogenic therapy.
Nat. Rev. Cancer 8 (8), 592–603. doi:10.1038/nrc2442

Besler, M., Dost, F. S., Şenler, F. Ç., Kırmızı, B. A., Savaş, B., and Akbulut, H. (2022).
The role of pericytes on the efficacy of bevacizumab in colorectal cancer. Turkish J. Med.
Sci. 52 (5), 1543–1550. doi:10.55730/1300-0144.5494

Bhattacharya, A., Kaushik, D. K., Lozinski, B. M., and Yong, V. W. (2020). Beyond
barrier functions: roles of pericytes in homeostasis and regulation of
neuroinflammation. J. Neurosci. Res. 98 (12), 2390–2405. doi:10.1002/jnr.24715

Bondjers, C., Kalén, M., Hellström, M., Scheidl, S. J., Abramsson, A., Renner, O., et al.
(2003). Transcription profiling of platelet-derived growth factor-B-deficient mouse
embryos identifies RGS5 as a novel marker for pericytes and vascular smooth muscle
cells. Am. J. pathology 162 (3), 721–729. doi:10.1016/S0002-9440(10)63868-0

Bose, A., Barik, S., Banerjee, S., Ghosh, T., Mallick, A., Bhattacharyya Majumdar, S.,
et al. (2013). Tumor-derived vascular pericytes anergize Th cells. J. Immunol. Baltim.
Md 191 (2), 971–981. doi:10.4049/jimmunol.1300280

Bourhis, M., Palle, J., Galy-Fauroux, I., and Terme, M. (2021). Direct and indirect
modulation of T cells by VEGF-A counteracted by anti-angiogenic treatment. Front.
Immunol. 12, 616837. doi:10.3389/fimmu.2021.616837

Caspani, E. M., Crossley, P. H., Redondo-Garcia, C., and Martinez, S. (2014).
Glioblastoma: a pathogenic crosstalk between tumor cells and pericytes. PloS one 9
(7), e101402. doi:10.1371/journal.pone.0101402

Cheng, A.-L., Qin, S., Ikeda, M., Galle, P., Ducreux, M., Zhu, A., et al. (2019).
IMbrave150: efficacy and safety results from a ph III study evaluating atezolizumab

(atezo) + bevacizumab (bev) vs sorafenib (sor) as first treatment (tx) for patients (pts)
with unresectable hepatocellular carcinoma (HCC). Ann. Oncoogy 30 (Suppl. S9),
ix186–ix187. doi:10.1093/annonc/mdz446.002

Cheng, A. L., Qin, S., Ikeda, M., Galle, P. R., Ducreux, M., Kim, T. Y., et al. (2022).
Updated efficacy and safety data from IMbrave150: atezolizumab plus bevacizumab vs.
sorafenib for unresectable hepatocellular carcinoma. J. hepatology 76 (4), 862–873.
doi:10.1016/j.jhep.2021.11.030

Cheng, J. H., She, H., Han, Y.-P., Wang, J., Xiong, S., Asahina, K., et al. (2008). Wnt
antagonism inhibits hepatic stellate cell activation and liver fibrosis. Am. J. Physiol.
Gastrointest. Liver Physiol. 294, G39–G49. doi:10.1152/ajpgi.00263.2007

Cheng, L., Huang, Z., Zhou, W., Wu, Q., Donnola, S., Liu, J. K., et al. (2013).
Glioblastoma stem cells generate vascular pericytes to support vessel function and
tumor growth. Cell. 153 (1), 139–152. doi:10.1016/j.cell.2013.02.021

Chi Sabins, N., Taylor, J. L., Fabian, K. P., Appleman, L. J., Maranchie, J. K., Stolz, D.
B., et al. (2013). DLK1: a novel target for immunotherapeutic remodeling of the tumor
blood vasculature. Mol. Ther. J. Am. Soc. Gene Ther. 21 (10), 1958–1968. doi:10.1038/
mt.2013.133

Choi, Y., and Jung, K. (2023). Normalization of the tumor microenvironment by
harnessing vascular and immune modulation to achieve enhanced cancer therapy.
Exp. Mol. Med. 55, 2308–2319. doi:10.1038/s12276-023-01114-w

Choueiri, T. K., Eto, M., Motzer, R., De Giorgi, U., Buchler, T., Basappa, N. S., et al.
(2023). Lenvatinib plus pembrolizumab versus sunitinib as first-line treatment of
patients with advanced renal cell carcinoma (CLEAR): extended follow-up from the
phase 3, randomised, open-label study. Lancet. Oncol. 24 (3), 228–238. doi:10.1016/
S1470-2045(23)00049-9

Chute, J. P., and Himburg, H. A. (2013). Imatinib tackles lymphoma via the
PDGFRβ+ pericyte. Blood 121 (26), 5107–5108. doi:10.1182/blood-2013-05-501205

Cooke, V. G., LeBleu, V. S., Keskin, D., Khan, Z., O’Connell, J. T., Teng, Y., et al.
(2012). Pericyte depletion results in hypoxia-associated epithelial-to-mesenchymal
transition and metastasis mediated by met signaling pathway. Cancer Cell. 21 (1),
66–81. doi:10.1016/j.ccr.2011.11.024

Correa, D., Somoza, R. A., Lin, P., Schiemann, W. P., and Caplan, A. I. (2016).
Mesenchymal stem cells regulate melanoma cancer cells extravasation to bone and liver
at their perivascular niche. Int. J. cancer 138 (2), 417–427. doi:10.1002/ijc.29709

Creazzo, T. L., Godt, R. E., Leatherbury, L., Conway, S. J., and Kirby, M. L. (1998). Role
of cardiac neural crest cells in cardiovascular development. Annu. Rev. physiology 60,
267–286. doi:10.1146/annurev.physiol.60.1.267

Crisan, M., Yap, S., Casteilla, L., Chen, C. W., Corselli, M., Park, T. S., et al. (2008). A
perivascular origin for mesenchymal stem cells in multiple human organs. Cell. stem
Cell. 3 (3), 301–313. doi:10.1016/j.stem.2008.07.003

Cuevas, P., Gutierrez-Diaz, J. A., Reimers, D., Dujovny, M., Diaz, F. G., and Ausman,
J. I. (1984). Pericyte endothelial gap junctions in human cerebral capillaries. Anat.
embryology 170 (2), 155–159. doi:10.1007/BF00319000

Daneman, R., Zhou, L., Kebede, A. A., and Barres, B. A. (2010). Pericytes are required
for blood-brain barrier integrity during embryogenesis. Nature 468 (7323), 562–566.
doi:10.1038/nature09513

Darvishi, B., Majidzadeh-A, K., Ghadirian, R., Mosayebzadeh, M., and Farahmand, L.
(2019). Recruited bone marrow derived cells, local stromal cells and IL-17 at the front
line of resistance development to anti-VEGF targeted therapies. Life Sci. 217, 34–40.
doi:10.1016/j.lfs.2018.11.033

Dasgupta, S., Saha, A., Ganguly, N., Bhuniya, A., Dhar, S., Guha, I., et al. (2022).
NLGP regulates RGS5-TGFβ axis to promote pericyte-dependent vascular
normalization during restricted tumor growth. FASEB J. official Publ. Fed. Am. Soc.
Exp. Biol. 36 (5), e22268. doi:10.1096/fj.202101093R

Deryugina, E. I., Zajac, E., Juncker-Jensen, A., Kupriyanova, T. A., Welter, L., and
Quigley, J. P. (2014). Tissue-infiltrating neutrophils constitute the major in vivo source
of angiogenesis-inducing MMP-9 in the tumor microenvironment. Neoplasia (New
York, N.Y.) 16 (10), 771–788. doi:10.1016/j.neo.2014.08.013

Díaz-Flores, L., Gutiérrez, R., Madrid, J. F., Varela, H., Valladares, F., Acosta, E., et al.
(2009). Pericytes. Morphofunction, interactions and pathology in a quiescent and
activated mesenchymal cell niche.Histology Histopathol. 24 (7), 909–969. doi:10.14670/
HH-24.909

Di Russo, S., Liberati, F. R., Riva, A., Di Fonzo, F., Macone, A., Giardina, G., et al.
(2024). Beyond the barrier: the immune-inspired pathways of tumor extravasation. Cell.
Commun. Signal. CCS 22 (1), 104. doi:10.1186/s12964-023-01429-1

Frontiers in Pharmacology frontiersin.org18

Moro et al. 10.3389/fphar.2024.1426033

https://doi.org/10.18632/oncotarget.5765
https://doi.org/10.1007/s10616-019-00329-y
https://doi.org/10.1080/2162402X.2023.2260620
https://doi.org/10.1172/jci.insight.122375
https://doi.org/10.1200/JCO.2017.75.2931
https://doi.org/10.1002/hep.24119
https://doi.org/10.1002/hep.24119
https://doi.org/10.3389/fcvm.2022.876591
https://doi.org/10.3389/fcvm.2022.876591
https://doi.org/10.1023/a:1011965307612
https://doi.org/10.1371/journal.pone.0110040
https://doi.org/10.1371/journal.pone.0110040
https://doi.org/10.1016/j.ccell.2023.12.018
https://doi.org/10.1016/j.ccell.2023.12.018
https://doi.org/10.1016/j.neuron.2010.09.043
https://doi.org/10.1016/j.neuron.2010.09.043
https://doi.org/10.1038/nrc2442
https://doi.org/10.55730/1300-0144.5494
https://doi.org/10.1002/jnr.24715
https://doi.org/10.1016/S0002-9440(10)63868-0
https://doi.org/10.4049/jimmunol.1300280
https://doi.org/10.3389/fimmu.2021.616837
https://doi.org/10.1371/journal.pone.0101402
https://doi.org/10.1093/annonc/mdz446.002
https://doi.org/10.1016/j.jhep.2021.11.030
https://doi.org/10.1152/ajpgi.00263.2007
https://doi.org/10.1016/j.cell.2013.02.021
https://doi.org/10.1038/mt.2013.133
https://doi.org/10.1038/mt.2013.133
https://doi.org/10.1038/s12276-023-01114-w
https://doi.org/10.1016/S1470-2045(23)00049-9
https://doi.org/10.1016/S1470-2045(23)00049-9
https://doi.org/10.1182/blood-2013-05-501205
https://doi.org/10.1016/j.ccr.2011.11.024
https://doi.org/10.1002/ijc.29709
https://doi.org/10.1146/annurev.physiol.60.1.267
https://doi.org/10.1016/j.stem.2008.07.003
https://doi.org/10.1007/BF00319000
https://doi.org/10.1038/nature09513
https://doi.org/10.1016/j.lfs.2018.11.033
https://doi.org/10.1096/fj.202101093R
https://doi.org/10.1016/j.neo.2014.08.013
https://doi.org/10.14670/HH-24.909
https://doi.org/10.14670/HH-24.909
https://doi.org/10.1186/s12964-023-01429-1
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1426033


Eberth, C. J. (1871)Handbuch der Lehre von der Gewegen des Menschen und der Tiere,
1. (Leipzig).

Eilken, H. M., Diéguez-Hurtado, R., Schmidt, I., Nakayama, M., Jeong, H.W., Arf, H.,
et al. (2017). Pericytes regulate VEGF-induced endothelial sprouting through VEGFR1.
Nat. Commun. 8, 1574. doi:10.1038/s41467-017-01738-3

Er, E. E., Valiente, M., Ganesh, K., Zou, Y., Agrawal, S., Hu, J., et al. (2018). Pericyte-
like spreading by disseminated cancer cells activates YAP and MRTF for metastatic
colonization. Nat. Cell. Biol. 20 (8), 966–978. doi:10.1038/s41556-018-0138-8

Fabian, K. P., Chi-Sabins, N., Taylor, J. L., Fecek, R., Weinstein, A., and Storkus, W. J.
(2017). Therapeutic efficacy of combined vaccination against tumor pericyte-associated
antigens DLK1 and DLK2 in mice. Oncoimmunology 6 (3), e1290035. doi:10.1080/
2162402X.2017.1290035

Farrington-Rock, C., Crofts, N. J., Doherty, M. J., Ashton, B. A., Griffin-Jones, C., and
Canfield, A. E. (2004). Chondrogenic and adipogenic potential of microvascular
pericytes. Circulation 110 (15), 2226–2232. doi:10.1161/01.CIR.0000144457.55518.E5

Feng, F., Feng, X., Zhang, D., Li, Q., and Yao, L. (2021). Matrix stiffness induces
pericyte-fibroblast transition through YAP activation. Front. Pharmacol. 12, 698275.
doi:10.3389/fphar.2021.698275

Fiedler, U., Reiss, Y., Scharpfenecker, M., Grunow, V., Koidl, S., Thurston, G., et al.
(2006). Angiopoietin-2 sensitizes endothelial cells to TNF-alpha and has a crucial role in
the induction of inflammation. Nat. Med. 12, 235–239. doi:10.1038/nm1351

Figueiredo, A. M., Villacampa, P., Diéguez-Hurtado, R., José Lozano, J., Kobialka, P.,
Cortazar, A. R., et al. (2020). Phosphoinositide 3-kinase-regulated pericyte maturation
governs vascular remodeling. Circulation 142 (7), 688–704. doi:10.1161/
CIRCULATIONAHA.119.042354

Fischer, K. R., Durrans, A., Lee, S., Sheng, J., Li, F., Wong, S. T., et al. (2015).
Epithelial-to-mesenchymal transition is not required for lungmetastasis but contributes
to chemoresistance. Nature 527 (7579), 472–476. doi:10.1038/nature15748

Foster, K., Sheridan, J., Veiga-Fernandes, H., Roderick, K., Pachnis, V., Adams, R.,
et al. (2008). Contribution of neural crest-derived cells in the embryonic and adult
thymus. J. Immunol. Baltim. Md 180 (5), 3183–3189. doi:10.4049/jimmunol.180.5.3183

Fulga, V., Rudico, L., Balica, A. R., Cimpean, A. M., Saptefrati, L., Margan, M.M., et al.
(2015). Differential expression of e-cadherin in primary breast cancer and
corresponding lymph node metastases. Anticancer Res. 35 (2), 759–765.

Gaceb, A., and Paul, G. (2018). Pericyte secretome. Adv. Exp. Med. Biol. 1109,
139–163. doi:10.1007/978-3-030-02601-1_11

Garcia, J., Hurwitz, H. I., Sandler, A. B., Miles, D., Coleman, R. L., Deurloo, R., et al.
(2020). Bevacizumab (Avastin®) in cancer treatment: a review of 15 years of clinical
experience and future outlook. Cancer Treat. Rev. 86, 102017. doi:10.1016/j.ctrv.2020.
102017

Gil, E., Venturini, C., Stirling, D., Turner, C., Tezera, L. B., Ercoli, G., et al. (2022).
Pericyte derived chemokines amplify neutrophil recruitment across the
cerebrovascular endothelial barrier. Front. Immunol. 13, 935798. doi:10.3389/
fimmu.2022.935798

Goel, S., Duda, D. G., Xu, L., Munn, L. L., Boucher, Y., Fukumura, D., et al. (2011).
Normalization of the vasculature for treatment of cancer and other diseases. Physiol.
Rev. 91 (3), 1071–1121. doi:10.1152/physrev.00038.2010

Guarino, B., Katari, V., Adapala, R., Bhavnani, N., Dougherty, J., Khan, M., et al.
(2021). Tumor-derived extracellular vesicles induce abnormal angiogenesis via
TRPV4 downregulation and subsequent activation of YAP and VEGFR2. Front.
Bioeng. Biotechnol. 9, 790489. doi:10.3389/fbioe.2021.790489

Guimarães-Camboa, N., Cattaneo, P., Sun, Y., Moore-Morris, T., Gu, Y., Dalton, N.
D., et al. (2017). Pericytes of multiple organs do not behave as mesenchymal stem cells in
vivo. Cell. stem Cell. 20 (3), 345–359. doi:10.1016/j.stem.2016.12.006

Guo, B., and Oliver, T. G. (2019). Partners in crime: neutrophil-CTC collusion in
metastasis. Trends Immunol. 40 (7), 556–559. doi:10.1016/j.it.2019.04.009

Gurler, G., Belder, N., Beker, M. C., Sever-Bahcekapili, M., Uruk, G., Kilic, E., et al.
(2023). Reduced folate carrier 1 is present in retinal microvessels and crucial for the
inner blood retinal barrier integrity. Fluids barriers CNS 20 (1), 47. doi:10.1186/s12987-
023-00442-3

Hariharan, A., Weir, N., Robertson, C., He, L., Betsholtz, C., and Longden, T. A.
(2020). The ion channel and GPCR toolkit of brain capillary pericytes. Front. Cell.
Neurosci. 14, 601324. doi:10.3389/fncel.2020.601324

He, L., Vanlandewijck, M., Mäe, M. A., Andrae, J., Ando, K., Del Gaudio, F., et al.
(2018). Single-cell RNA sequencing of mouse brain and lung vascular and vessel-
associated cell types. Sci. data 5, 180160. doi:10.1038/sdata.2018.160

Hellström, M., Kalén, M., Lindahl, P., Abramsson, A., and Betsholtz, C. (1999). Role
of PDGF-B and PDGFR-beta in recruitment of vascular smooth muscle cells and
pericytes during embryonic blood vessel formation in the mouse. Dev. Camb. Engl. 126
(14), 3047–3055. doi:10.1242/dev.126.14.3047

Heo, Y. A., and Syed, Y. Y. (2018). Regorafenib: a review in hepatocellular carcinoma.
Drugs 78 (9), 951–958. doi:10.1007/s40265-018-0932-4

Hillman, G. G., Lonardo, F., Hoogstra, D. J., Rakowski, J., Yunker, C. K., Joiner, M. C.,
et al. (2014). Axitinib improves radiotherapy in murine xenograft lung tumors. Transl.
Oncol. 7 (3), 400–409. doi:10.1016/j.tranon.2014.04.002

Hiratsuka, S., Nakamura, K., Iwai, S., Murakami, M., Itoh, T., Kijima, H., et al. (2002).
MMP9 induction by vascular endothelial growth factor receptor-1 is involved in lung-
specific metastasis. Cancer Cell. 2 (4), 289–300. doi:10.1016/s1535-6108(02)00153-8

Holm, A., Heumann, T., and Augustin, H. G. (2018). Microvascular mural cell
organotypic heterogeneity and functional plasticity. Trends Cell. Biol. 28 (4), 302–316.
doi:10.1016/j.tcb.2017.12.002

Hong, J., Tobin, N. P., Rundqvist, H., Li, T., Lavergne, M., García-Ibáñez, Y., et al.
(2015). Role of tumor pericytes in the recruitment of myeloid-derived suppressor cells.
J. Natl. Cancer Inst. 107 (10), djv209. doi:10.1093/jnci/djv209

Hosaka, K., Yang, Y., Nakamura, M., Andersson, P., Yang, X., Zhang, Y., et al. (2018).
Dual roles of endothelial FGF-2-FGFR1-PDGF-BB and perivascular FGF-2-FGFR2-
PDGFRβ signaling pathways in tumor vascular remodeling. Cell. Discov. 4, 3. doi:10.
1038/s41421-017-0002-1

Hosaka, K., Yang, Y., Seki, T., Fischer, C., Dubey, O., Fredlund, E., et al. (2016).
Pericyte-fibroblast transition promotes tumor growth and metastasis. Proc. Natl. Acad.
Sci. U. S. A. 113 (38), E5618–E5627. doi:10.1073/pnas.1608384113

Huang, Q., Liu, L., Xiao, D., Huang, Z., Wang, W., Zhai, K., et al. (2023). CD44+ lung
cancer stem cell-derived pericyte-like cells cause brain metastases through GPR124-
enhanced trans-endothelial migration. Cancer Cell. 41 (9), 1621–1636.e8. doi:10.1016/j.
ccell.2023.07.012

Huang, Y., Yuan, J., Righi, E., Kamoun, W. S., Ancukiewicz, M., Nezivar, J., et al.
(2012). Vascular normalizing doses of antiangiogenic treatment reprogram the
immunosuppressive tumor microenvironment and enhance immunotherapy. Proc.
Natl. Acad. Sci. U. S. A. 109 (43), 17561–17566. doi:10.1073/pnas.1215397109

Jain, R. K. (2005). Normalization of tumor vasculature: an emerging concept in
antiangiogenic therapy. Sci. (New York, N.Y.) 307 (5706), 58–62. doi:10.1126/science.
1104819

Jiang, Z., Zhou, J., Li, L., Liao, S., He, J., Zhou, S., et al. (2023). Pericytes in the
tumor microenvironment. Cancer Lett. 556, 216074. doi:10.1016/j.canlet.2023.
216074

Johansson-Percival, A., Li, Z. J., Lakhiani, D. D., He, B., Wang, X., Hamzah, J., et al.
(2015). Intratumoral LIGHT restores pericyte contractile properties and vessel integrity.
Cell. Rep. 13 (12), 2687–2698. doi:10.1016/j.celrep.2015.12.004

Joyce, N. C., Haire, M. F., and Palade, G. E. (1985). Contractile proteins in pericytes.
II. Immunocytochemical evidence for the presence of two isomyosins in graded
concentrations. J. Cell. Biol. 100 (5), 1387–1395. doi:10.1083/jcb.100.5.1387

Karow, M., Sánchez, R., Schichor, C., Masserdotti, G., Ortega, F., Heinrich, C., et al.
(2012). Reprogramming of pericyte-derived cells of the adult human brain into
induced neuronal cells. Cell. stem Cell. 11 (4), 471–476. doi:10.1016/j.stem.2012.
07.007

Khasraw, M., Ameratunga, M., and Grommes, C. (2014). Bevacizumab for the
treatment of high-grade glioma: an update after phase III trials. Expert Opin. Biol.
Ther. 14 (5), 729–740. doi:10.1517/14712598.2014.898060

Kim, K. J., Li, B., Winer, J., Armanini, M., Gillett, N., Phillips, H. S., et al. (1993).
Inhibition of vascular endothelial growth factor-induced angiogenesis suppresses
tumour growth in vivo. Nature 362 (6423), 841–844. doi:10.1038/362841a0

Kirton, J. P., Wilkinson, F. L., Canfield, A. E., and Alexander, M. Y. (2006).
Dexamethasone downregulates calcification-inhibitor molecules and accelerates
osteogenic differentiation of vascular pericytes: implications for vascular
calcification. Circ. Res. 98, 1264–1272. doi:10.1161/01.RES.0000223056.68892.8b

Kong, D., Kwon, D., Moon, B., Kim, D. H., Kim, M. J., Choi, J., et al. (2024).
CD19 CAR-expressing iPSC-derived NK cells effectively enhance migration and
cytotoxicity into glioblastoma by targeting to the pericytes in tumor
microenvironment. Biomed. Pharmacother. 174, 116436. doi:10.1016/j.biopha.2024.
116436

Korn, J., Christ, B., and Kurz, H. (2002). Neuroectodermal origin of brain pericytes
and vascular smooth muscle cells. J. Comp. neurology 442 (1), 78–88. doi:10.1002/cne.
1423

Krzywinska, E., Kantari-Mimoun, C., Kerdiles, Y., Sobecki, M., Isagawa, T.,
Gotthardt, D., et al. (2017). Loss of HIF-1α in natural killer cells inhibits tumour
growth by stimulating non-productive angiogenesis. Nat. Commun. 8 (1), 1597. doi:10.
1038/s41467-017-01599-w

Larkin, J., Oya, M., Martignoni, M., Thistlethwaite, F., Nathan, P., Ornstein, M. C.,
et al. (2023). Avelumab plus axitinib as first-line therapy for advanced renal cell
carcinoma: long-term results from the JAVELIN renal 100 phase ib trial. Oncol. 28
(4), 333–340. doi:10.1093/oncolo/oyac243

Lechertier, T., Reynolds, L. E., Kim, H., Pedrosa, A. R., Gómez-Escudero, J., Muñoz-
Félix, J. M., et al. (2023). Author Correction: pericyte FAK negatively regulates Gas6/Axl
signalling to suppress tumour angiogenesis and tumour growth. Nat. Commun. 14 (1),
5446. doi:10.1038/s41467-023-41239-0

Lefterova, M. I., Haakonsson, A. K., Lazar, M. A., andMandrup, S. (2014). PPARγ and
the global map of adipogenesis and beyond. Trends Endocrinol. metabolism TEM 25 (6),
293–302. doi:10.1016/j.tem.2014.04.001

Li, H., Kuang, X., Liang, L., Ye, Y., Zhang, Y., Li, J., et al. (2020a). The beneficial role of
sunitinib in tumor immune surveillance by regulating tumor PD-L1. Adv. Sci.
Weinheim, Baden-Wurttemberg, Ger. 8 (2), 2001596. doi:10.1002/advs.202001596

Frontiers in Pharmacology frontiersin.org19

Moro et al. 10.3389/fphar.2024.1426033

https://doi.org/10.1038/s41467-017-01738-3
https://doi.org/10.1038/s41556-018-0138-8
https://doi.org/10.1080/2162402X.2017.1290035
https://doi.org/10.1080/2162402X.2017.1290035
https://doi.org/10.1161/01.CIR.0000144457.55518.E5
https://doi.org/10.3389/fphar.2021.698275
https://doi.org/10.1038/nm1351
https://doi.org/10.1161/CIRCULATIONAHA.119.042354
https://doi.org/10.1161/CIRCULATIONAHA.119.042354
https://doi.org/10.1038/nature15748
https://doi.org/10.4049/jimmunol.180.5.3183
https://doi.org/10.1007/978-3-030-02601-1_11
https://doi.org/10.1016/j.ctrv.2020.102017
https://doi.org/10.1016/j.ctrv.2020.102017
https://doi.org/10.3389/fimmu.2022.935798
https://doi.org/10.3389/fimmu.2022.935798
https://doi.org/10.1152/physrev.00038.2010
https://doi.org/10.3389/fbioe.2021.790489
https://doi.org/10.1016/j.stem.2016.12.006
https://doi.org/10.1016/j.it.2019.04.009
https://doi.org/10.1186/s12987-023-00442-3
https://doi.org/10.1186/s12987-023-00442-3
https://doi.org/10.3389/fncel.2020.601324
https://doi.org/10.1038/sdata.2018.160
https://doi.org/10.1242/dev.126.14.3047
https://doi.org/10.1007/s40265-018-0932-4
https://doi.org/10.1016/j.tranon.2014.04.002
https://doi.org/10.1016/s1535-6108(02)00153-8
https://doi.org/10.1016/j.tcb.2017.12.002
https://doi.org/10.1093/jnci/djv209
https://doi.org/10.1038/s41421-017-0002-1
https://doi.org/10.1038/s41421-017-0002-1
https://doi.org/10.1073/pnas.1608384113
https://doi.org/10.1016/j.ccell.2023.07.012
https://doi.org/10.1016/j.ccell.2023.07.012
https://doi.org/10.1073/pnas.1215397109
https://doi.org/10.1126/science.1104819
https://doi.org/10.1126/science.1104819
https://doi.org/10.1016/j.canlet.2023.216074
https://doi.org/10.1016/j.canlet.2023.216074
https://doi.org/10.1016/j.celrep.2015.12.004
https://doi.org/10.1083/jcb.100.5.1387
https://doi.org/10.1016/j.stem.2012.07.007
https://doi.org/10.1016/j.stem.2012.07.007
https://doi.org/10.1517/14712598.2014.898060
https://doi.org/10.1038/362841a0
https://doi.org/10.1161/01.RES.0000223056.68892.8b
https://doi.org/10.1016/j.biopha.2024.116436
https://doi.org/10.1016/j.biopha.2024.116436
https://doi.org/10.1002/cne.1423
https://doi.org/10.1002/cne.1423
https://doi.org/10.1038/s41467-017-01599-w
https://doi.org/10.1038/s41467-017-01599-w
https://doi.org/10.1093/oncolo/oyac243
https://doi.org/10.1038/s41467-023-41239-0
https://doi.org/10.1016/j.tem.2014.04.001
https://doi.org/10.1002/advs.202001596
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1426033


Li, W., Zhan, M., Quan, Y. Y., Wang, H., Hua, S. N., Li, Y., et al. (2020b). Modulating
the tumor immune microenvironment with sunitinib malate supports the rationale for
combined treatment with immunotherapy. Int. Immunopharmacol. 81, 106227. doi:10.
1016/j.intimp.2020.106227

Liu, R., Lauridsen, H. M., Amezquita, R. A., Pierce, R. W., Jane-Wit, D., Fang, C., et al.
(2016). IL-17 promotes neutrophil-mediated immunity by activating microvascular
pericytes and not endothelium. J. Immunol. Baltim. Md. 1950 197 (6), 2400–2408.
doi:10.4049/jimmunol.1600138

Liu, T., Ma, W., Xu, H., Huang, M., Zhang, D., He, Z., et al. (2018). PDGF-mediated
mesenchymal transformation renders endothelial resistance to anti-VEGF treatment in
glioblastoma. Nat. Commun. 9 (1), 3439. doi:10.1038/s41467-018-05982-z

Liu, Y., and Cao, X. (2016). Characteristics and significance of the pre-metastatic
niche. Cancer Cell. 30 (5), 668–681. doi:10.1016/j.ccell.2016.09.011

Liu, Z., Zhao, Q., Zheng, Z., Liu, S., Meng, L., Dong, L., et al. (2021). Vascular
normalization in immunotherapy: a promising mechanisms combined with
radiotherapy. Biomed. Pharmacother. = Biomedecine Pharmacother. 139, 111607.
doi:10.1016/j.biopha.2021.111607

Liu, Z. L., Chen, H. H., Zheng, L. L., Sun, L. P., and Shi, L. (2023). Angiogenic signaling
pathways and anti-angiogenic therapy for cancer. Signal Transduct. Target. Ther. 8 (1),
198. doi:10.1038/s41392-023-01460-1

Lu, T., Zhang, J., Lu, S., Yang, F., Gan, L., Wu, X., et al. (2023). Correction to:
endosialin-positive tumor-derived pericytes promote tumor progression through
impeding the infiltration of CD8+ T cells in clear cell renal cell carcinoma. Cancer
Immunol. Immunother. CII 72 (6), 1751. doi:10.1007/s00262-023-03427-1

Lugassy, C., Kleinman, H. K., Engbring, J. A., Welch, D. R., Harms, J. F., Rufner, R.,
et al. (2004). Pericyte-like location of GFP-tagged melanoma cells: ex vivo and in vivo
studies of extravascular migratory metastasis. Am. J. pathology 164 (4), 1191–1198.
doi:10.1016/S0002-9440(10)63207-5

Lyle, L. T., Lockman, P. R., Adkins, C. E., Mohammad, A. S., Sechrest, E., Hua, E., et al.
(2016). Alterations in pericyte subpopulations are associated with elevated blood-tumor
barrier permeability in experimental brain metastasis of breast cancer. Clin. cancer Res.
official J. Am. Assoc. Cancer Res. 22 (21), 5287–5299. doi:10.1158/1078-0432.CCR-15-
1836

Majidpoor, J., and Mortezaee, K. (2021). Angiogenesis as a hallmark of solid tumors -
clinical perspectives. Cell. Oncol. Dordr. 44 (4), 715–737. doi:10.1007/s13402-021-
00602-3

Matsuyama, M., Ishii, H., Furuse, J., Ohkawa, S., Maguchi, H., Mizuno, N., et al.
(2015). Phase II trial of combination therapy of gemcitabine plus anti-angiogenic
vaccination of elpamotide in patients with advanced or recurrent biliary tract cancer.
Investig. new drugs 33 (2), 490–495. doi:10.1007/s10637-014-0197-z

McCormick, A. L., Anderson, T. S., Daugherity, E. A., Okpalanwaka, I. F., Smith, S. L.,
Appiah, D., et al. (2023). Targeting the pericyte antigen DLK1 with an alpha type-1
polarized dendritic cell vaccine results in tumor vascular modulation and protection
against colon cancer progression. Front. Immunol. 14, 1241949. doi:10.3389/fimmu.
2023.1241949

Meng, M. B., Zaorsky, N. G., Deng, L., Wang, H. H., Chao, J., Zhao, L. J., et al. (2015).
Pericytes: a double-edged sword in cancer therapy. Future Oncol. Lond. Engl. 11 (1),
169–179. doi:10.2217/fon.14.123

Meng, Y. M., Jiang, X., Zhao, X., Meng, Q., Wu, S., Chen, Y., et al. (2021). Hexokinase
2-driven glycolysis in pericytes activates their contractility leading to tumor blood vessel
abnormalities. Nat. Commun. 12 (1), 6011. doi:10.1038/s41467-021-26259-y

Miners, J., van Hulle, C., Ince, S., Jonaitis, E., Okonkwo, O. C., Bendlin, B., et al.
(2023). Elevated CSF angiopoietin-2 correlates with blood-brain barrier leakiness and
markers of neuronal injury in early Alzheimer’s disease. Res. square 3. doi:10.21203/rs.3.
rs-2722280/v1

Molina, M. L., García-Bernal, D., Salinas, M. D., Rubio, G., Aparicio, P., Moraleda,
J. M., et al. (2022). Chaperone-mediated autophagy ablation in pericytes reveals new
glioblastoma prognostic markers and efficient treatment against tumor progression.
Front. Cell. Dev. Biol. 10, 797945. doi:10.3389/fcell.2022.797945

Motegi, S., Leitner, W. W., Lu, M., Tada, Y., Sárdy, M., Wu, C., et al. (2011). Pericyte-
derived MFG-E8 regulates pathologic angiogenesis. Arteriosclerosis, thrombosis, Vasc.
Biol. 31 (9), 2024–2034. doi:10.1161/ATVBAHA.111.232587

Müller, S. M., Stolt, C. C., Terszowski, G., Blum, C., Amagai, T., Kessaris, N., et al.
(2008). Neural crest origin of perivascular mesenchyme in the adult thymus.
J. Immunol. Baltim. Md 180 (8), 5344–5351. doi:10.4049/jimmunol.180.8.5344

Murgai, M., Ju, W., Eason, M., Kline, J., Beury, D. W., Kaczanowska, S., et al. (2017).
KLF4-dependent perivascular cell plasticity mediates pre-metastatic niche formation
and metastasis. Nat. Med. 23 (10), 1176–1190. doi:10.1038/nm.4400

Nairon, K. G., DePalma, T. J., Zent, J. M., Leight, J. L., and Skardal, A. (2022). Tumor
cell-conditioned media drives collagen remodeling via fibroblast and pericyte activation
in an in vitro premetastatic niche model. iScience 25 (7), 104645. doi:10.1016/j.isci.2022.
104645

Natarajan, V., Ha, S., Delgado, A., Jacobson, R., Alhalhooly, L., Choi, Y., et al. (2022).
Acquired αSMA expression in pericytes coincides with aberrant vascular structure and
function in pancreatic ductal adenocarcinoma. Cancers 14 (10), 2448. doi:10.3390/
cancers14102448

Navarro, R., Compte, M., Álvarez-Vallina, L., and Sanz, L. (2016). Immune regulation
by pericytes: modulating innate and adaptive immunity. Front. Immunol. 7, 480. doi:10.
3389/fimmu.2016.00480

Nehls, V., and Drenckhahn, D. (1991). Heterogeneity of microvascular pericytes for
smooth muscle type alpha-actin. J. Cell. Biol. 113 (1), 147–154. doi:10.1083/jcb.113.
1.147

Nishida, N., Yano, H., Nishida, T., Kamura, T., and Kojiro, M. (2006). Angiogenesis in
cancer. Vasc. health risk Manag. 2 (3), 213–219. doi:10.2147/vhrm.2006.2.3.213

Ochs, K., Sahm, F., Opitz, C. A., Lanz, T. V., Oezen, I., Couraud, P. O., et al. (2013).
Immature mesenchymal stem cell-like pericytes as mediators of immunosuppression in
human malignant glioma. J. Neuroimmunol. 265 (1-2), 106–116. doi:10.1016/j.
jneuroim.2013.09.011

Opzoomer, J. W., Anstee, J. E., Dean, I., Hill, E. J., Bouybayoune, I., Caron, J., et al.
(2021). Macrophages orchestrate the expansion of a proangiogenic perivascular niche
during cancer progression. Sci. Adv. 7 (45), eabg9518. doi:10.1126/sciadv.abg9518

Ozerdem, U. (2006). Targeting pericytes diminishes neovascularization in orthotopic
uveal melanoma in nerve/glial antigen 2 proteoglycan knockout mouse. Ophthalmic
Res. 38 (5), 251–254. doi:10.1159/000094833

Paget, S. (1989). The distribution of secondary growths in cancer of the breast. 1889.
Cancer metastasis Rev. 8 (2), 98–101.

Paiva, A. E., Lousado, L., Guerra, D. A. P., Azevedo, P. O., Sena, I. F. G., Andreotti,
J. P., et al. (2018). Pericytes in the premetastatic niche. Cancer Res. 78 (11), 2779–2786.
doi:10.1158/0008-5472.CAN-17-3883

Park, J. S., Kim, I. K., Han, S., Park, I., Kim, C., Bae, J., et al. (2017). Normalization of
tumor vessels by Tie2 activation and Ang2 inhibition enhances drug delivery and
produces a favorable tumor microenvironment. Cancer Cell. 31 (1), 157–158. doi:10.
1016/j.ccell.2016.12.009

Parker, K. R., Migliorini, D., Perkey, E., Yost, K. E., Bhaduri, A., Bagga, P., et al. (2020).
Single-cell analyses identify brain mural cells expressing CD19 as potential off-tumor
targets for CAR-T immunotherapies. Cell. 183 (1), 126–142. doi:10.1016/j.cell.2020.
08.022

Pastushenko, I., and Blanpain, C. (2019). EMT transition states during tumor
progression and metastasis. Trends Cell. Biol. 29 (3), 212–226. doi:10.1016/j.tcb.
2018.12.001

Pieper, C., Pieloch, P., and Galla, H. J. (2013). Pericytes support neutrophil
transmigration via interleukin-8 across a porcine co-culture model of the blood-
brain barrier. Brain Res. 1524, 1–11. doi:10.1016/j.brainres.2013.05.047

Polat, S., Yazir, Y., Duruksu, G., Kiliç, K. C., Mert, S., Gacar, G., et al. (2024).
Investigation of the differentiation potential of pericyte cells as an alternative source of
mesenchymal stem cells. Acta Histochem. 126 (3), 152145. doi:10.1016/j.acthis.2024.
152145

Proebstl, D., Voisin, M. B., Woodfin, A., Whiteford, J., D’Acquisto, F., Jones, G. E.,
et al. (2012). Pericytes support neutrophil subendothelial cell crawling and breaching of
venular walls in vivo. J. Exp. Med. 209 (6), 1219–1234. doi:10.1084/jem.20111622

Purcaru, S. O., Tache, D. E., Serban, F., Folcuti, R. M., Georgescu, A. M., Stovicek, P.
O., et al. (2015). Effect of VEGFR, PDGFR and PI3K/mTOR targeting in glioblastoma.
Curr. health Sci. J. 41 (4), 325–332. doi:10.12865/CHSJ.41.04.06

Qian, C., Liu, C., Liu, W., Zhou, R., and Zhao, L. (2023). Targeting vascular
normalization: a promising strategy to improve immune-vascular crosstalk in
cancer immunotherapy. Front. Immunol. 14, 1291530. doi:10.3389/fimmu.2023.
1291530

Qin, S., Chan, S. L., Gu, S., Bai, Y., Ren, Z., Lin, X., et al. (2023). Camrelizumab plus
rivoceranib versus sorafenib as first-line therapy for unresectable hepatocellular
carcinoma (CARES-310): a randomised, open-label, international phase 3 study.
Lancet London, Engl. 402 (10408), 1133–1146. doi:10.1016/S0140-6736(23)00961-3

Que, J., Wilm, B., Hasegawa, H., Wang, F., Bader, D., and Hogan, B. L. (2008).
Mesothelium contributes to vascular smooth muscle and mesenchyme during lung
development. Proc. Natl. Acad. Sci. U. S. A. 105 (43), 16626–16630. doi:10.1073/pnas.
0808649105

Rouget, C. (1874). Note sur le developpement de la tunique contractile des vaisseaux.
Compt Rend. Acad. Sci. 59, 559–562.

Ruan, J., Luo, M., Wang, C., Fan, L., Yang, S. N., Cardenas, M., et al. (2013). Imatinib
disrupts lymphoma angiogenesis by targeting vascular pericytes. Blood 121 (26),
5192–5202. doi:10.1182/blood-2013-03-490763

Saharinen, P., Eklund, L., and Alitalo, K. (2017). Therapeutic targeting of the
angiopoietin–TIE pathway. Nat. Rev. Drug Discov. 16, 635–661. doi:10.1038/nrd.
2016.278

Sakuma, R., Kawahara, M., Nakano-Doi, A., Takahashi, A., Tanaka, Y., Narita, A.,
et al. (2016). Brain pericytes serve as microglia-generating multipotent vascular stem
cells following ischemic stroke. J. neuroinflammation 13 (1), 57. doi:10.1186/s12974-
016-0523-9

Sanches, J. deS., de Aguiar, R. B., Parise, C. B., Suzuki, J. M., Chammas, R., and de
Moraes, J. Z. (2016). Anti-bevacizumab idiotype antibody vaccination is effective in
inducing vascular endothelial growth factor-binding response, impairing tumor
outgrowth. Cancer Sci. 107 (4), 551–555. doi:10.1111/cas.12903

Frontiers in Pharmacology frontiersin.org20

Moro et al. 10.3389/fphar.2024.1426033

https://doi.org/10.1016/j.intimp.2020.106227
https://doi.org/10.1016/j.intimp.2020.106227
https://doi.org/10.4049/jimmunol.1600138
https://doi.org/10.1038/s41467-018-05982-z
https://doi.org/10.1016/j.ccell.2016.09.011
https://doi.org/10.1016/j.biopha.2021.111607
https://doi.org/10.1038/s41392-023-01460-1
https://doi.org/10.1007/s00262-023-03427-1
https://doi.org/10.1016/S0002-9440(10)63207-5
https://doi.org/10.1158/1078-0432.CCR-15-1836
https://doi.org/10.1158/1078-0432.CCR-15-1836
https://doi.org/10.1007/s13402-021-00602-3
https://doi.org/10.1007/s13402-021-00602-3
https://doi.org/10.1007/s10637-014-0197-z
https://doi.org/10.3389/fimmu.2023.1241949
https://doi.org/10.3389/fimmu.2023.1241949
https://doi.org/10.2217/fon.14.123
https://doi.org/10.1038/s41467-021-26259-y
https://doi.org/10.21203/rs.3.rs-2722280/v1
https://doi.org/10.21203/rs.3.rs-2722280/v1
https://doi.org/10.3389/fcell.2022.797945
https://doi.org/10.1161/ATVBAHA.111.232587
https://doi.org/10.4049/jimmunol.180.8.5344
https://doi.org/10.1038/nm.4400
https://doi.org/10.1016/j.isci.2022.104645
https://doi.org/10.1016/j.isci.2022.104645
https://doi.org/10.3390/cancers14102448
https://doi.org/10.3390/cancers14102448
https://doi.org/10.3389/fimmu.2016.00480
https://doi.org/10.3389/fimmu.2016.00480
https://doi.org/10.1083/jcb.113.1.147
https://doi.org/10.1083/jcb.113.1.147
https://doi.org/10.2147/vhrm.2006.2.3.213
https://doi.org/10.1016/j.jneuroim.2013.09.011
https://doi.org/10.1016/j.jneuroim.2013.09.011
https://doi.org/10.1126/sciadv.abg9518
https://doi.org/10.1159/000094833
https://doi.org/10.1158/0008-5472.CAN-17-3883
https://doi.org/10.1016/j.ccell.2016.12.009
https://doi.org/10.1016/j.ccell.2016.12.009
https://doi.org/10.1016/j.cell.2020.08.022
https://doi.org/10.1016/j.cell.2020.08.022
https://doi.org/10.1016/j.tcb.2018.12.001
https://doi.org/10.1016/j.tcb.2018.12.001
https://doi.org/10.1016/j.brainres.2013.05.047
https://doi.org/10.1016/j.acthis.2024.152145
https://doi.org/10.1016/j.acthis.2024.152145
https://doi.org/10.1084/jem.20111622
https://doi.org/10.12865/CHSJ.41.04.06
https://doi.org/10.3389/fimmu.2023.1291530
https://doi.org/10.3389/fimmu.2023.1291530
https://doi.org/10.1016/S0140-6736(23)00961-3
https://doi.org/10.1073/pnas.0808649105
https://doi.org/10.1073/pnas.0808649105
https://doi.org/10.1182/blood-2013-03-490763
https://doi.org/10.1038/nrd.2016.278
https://doi.org/10.1038/nrd.2016.278
https://doi.org/10.1186/s12974-016-0523-9
https://doi.org/10.1186/s12974-016-0523-9
https://doi.org/10.1111/cas.12903
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1426033


Sato, Y., and Rifkin, D. B. (1989). Inhibition of endothelial cell movement by pericytes
and smooth muscle cells: activation of a latent transforming growth factor-beta 1-like
molecule by plasmin during co-culture. J. Cell. Biol. 109 (1), 309–315. doi:10.1083/jcb.
109.1.309

Sattiraju, A., andMintz, A. (2019). Pericytes in glioblastomas: multifaceted role within
tumor microenvironments and potential for therapeutic interventions. Adv. Exp. Med.
Biol. 1147, 65–91. doi:10.1007/978-3-030-16908-4_2

Schiffmann, L. M., Brunold, M., Liwschitz, M., Goede, V., Loges, S., Wroblewski, M.,
et al. (2017). A combination of low-dose bevacizumab and imatinib enhances vascular
normalisation without inducing extracellular matrix deposition. Br. J. cancer 116 (5),
600–608. doi:10.1038/bjc.2017.13

Schuster, C., Eikesdal, H. P., Puntervoll, H., Geisler, J., Geisler, S., Heinrich, D., et al.
(2012). Clinical efficacy and safety of bevacizumab monotherapy in patients with
metastatic melanoma: predictive importance of induced early hypertension. PloS one 7
(6), e38364. doi:10.1371/journal.pone.0038364

Seifert, A. M., Zeng, S., Zhang, J. Q., Kim, T. S., Cohen, N. A., Beckman, M. J., et al.
(2017). PD-1/PD-L1 blockade enhances T-cell activity and antitumor efficacy of
imatinib in gastrointestinal stromal tumors. Clin. cancer Res. official J. Am. Assoc.
Cancer Res. 23 (2), 454–465. doi:10.1158/1078-0432.CCR-16-1163

Sharma, T., Dhingra, R., Singh, S., Sharma, S., Tomar, P., Malhotra, M., et al. (2013).
Aflibercept: a novel VEGF targeted agent to explore the future perspectives of anti-
angiogenic therapy for the treatment of multiple tumors. Mini Rev. Med. Chem. 13 (4),
530–540. doi:10.2174/1389557511313040006

Sharma, V., Ling, T. W., Rewell, S. S., Hare, D. L., Howells, D. W., Kourakis, A., et al.
(2012). A novel population of α-smooth muscle actin-positive cells activated in a rat
model of stroke: an analysis of the spatio-temporal distribution in response to ischemia.
J. Cereb. blood flow metabolism official J. Int. Soc. Cereb. Blood FlowMetabolism 32 (11),
2055–2065. doi:10.1038/jcbfm.2012.107

Shenoy, A. K., Jin, Y., Luo, H., Tang, M., Pampo, C., Shao, R., et al. (2016). Epithelial-
to-mesenchymal transition confers pericyte properties on cancer cells. J. Clin.
investigation 126 (11), 4174–4186. doi:10.1172/JCI86623

Shimizu, F., Sano, Y., Abe, M. A., Maeda, T., Ohtsuki, S., Terasaki, T., et al. (2011).
Peripheral nerve pericytes modify the blood-nerve barrier function and tight junctional
molecules through the secretion of various soluble factors. J. Cell. physiology 226 (1),
255–266. doi:10.1002/jcp.22337

Shirley, M. (2017). Olaratumab: first global approval. Drugs 77 (1), 107–112. doi:10.
1007/s40265-016-0680-2

Shrimali, R. K., Yu, Z., Theoret, M. R., Chinnasamy, D., Restifo, N. P., and Rosenberg,
S. A. (2010). Antiangiogenic agents can increase lymphocyte infiltration into tumor and
enhance the effectiveness of adoptive immunotherapy of cancer. Cancer Res. 70 (15),
6171–6180. doi:10.1158/0008-5472.CAN-10-0153

Smyth, L. C. D., Rustenhoven, J., Park, T. I., Schweder, P., Jansson, D., Heppner, P. A.,
et al. (2018). Unique and shared inflammatory profiles of human brain endothelia and
pericytes. J. neuroinflammation 15 (1), 138. doi:10.1186/s12974-018-1167-8

Stark, K., Eckart, A., Haidari, S., Tirniceriu, A., Lorenz, M., von Brühl, M. L., et al.
(2013). Capillary and arteriolar pericytes attract innate leukocytes exiting through
venules and ’instruct’ them with pattern-recognition and motility programs. Nat.
Immunol. 14 (1), 41–51. doi:10.1038/ni.2477

Stratman, A. N., Schwindt, A. E., Malotte, K. M., and Davis, G. E. (2010). Endothelial-
derived PDGF-BB and HB-EGF coordinately regulate pericyte recruitment during
vasculogenic tube assembly and stabilization. Blood 116 (22), 4720–4730. doi:10.1182/
blood-2010-05-286872

Su, X., Huang, L., Qu, Y., Xiao, D., and Mu, D. (2019). Pericytes in cerebrovascular
diseases: an emerging therapeutic target. Front. Cell. Neurosci. 13, 519. doi:10.3389/
fncel.2019.00519

Sun, R., Kong, X., Qiu, X., Huang, C., and Wong, P. P. (2021). The emerging roles of
pericytes in modulating tumor microenvironment. Front. Cell. Dev. Biol. 9, 676342.
doi:10.3389/fcell.2021.676342

Supakul, S., Yao, K., Ochi, H., Shimada, T., Hashimoto, K., Sunamura, S., et al. (2019).
Pericytes as a source of osteogenic cells in bone fracture healing. Int. J. Mol. Sci. 20 (5),
1079. doi:10.3390/ijms20051079

Sweeney, M. D., Ayyadurai, S., and Zlokovic, B. V. (2016). Pericytes of the
neurovascular unit: key functions and signaling pathways. Nat. Neurosci. 19 (6),
771–783. doi:10.1038/nn.4288

Syed, Y. Y. (2018). Anlotinib: first global approval. Drugs 78 (10), 1057–1062. doi:10.
1007/s40265-018-0939-x

Sziraki, A., Zhong, Y., Neltner, A. M., Niedowicz, D. M., Rogers, C. B., Wilcock, D. M.,
et al. (2023). A high-throughput single-cell RNA expression profiling method identifies
human pericyte markers. Neuropathology Appl. Neurobiol. 49 (6), e12942. doi:10.1111/
nan.12942

Tamada, S., Kondoh, C., Matsubara, N., Mizuno, R., Kimura, G., Anai, S., et al. (2022).
Pembrolizumab plus axitinib versus sunitinib in metastatic renal cell carcinoma:
outcomes of Japanese patients enrolled in the randomized, phase III, open-label
KEYNOTE-426 study. Int. J. Clin. Oncol. 27 (1), 154–164. doi:10.1007/s10147-021-
02014-7

Tazzari, M., Indio, V., Vergani, B., De Cecco, L., Rini, F., Negri, T., et al. (2017).
Adaptive immunity in fibrosarcomatous dermatofibrosarcoma protuberans and
response to imatinib treatment. J. investigative dermatology 137 (2), 484–493. doi:10.
1016/j.jid.2016.06.634

Thijssen, V. L., Paulis, Y. W., Nowak-Sliwinska, P., Deumelandt, K. L., Hosaka, K.,
Soetekouw, P. M., et al. (2018). Targeting PDGF-mediated recruitment of pericytes
blocks vascular mimicry and tumor growth. J. pathology 246 (4), 447–458. doi:10.1002/
path.5152

Thurston, G., and Daly, C. (2012). The complex role of angiopoietin-2 in the
angiopoietin-tie signaling pathway. Cold Spring Harb. Perspect. Med. 2 (9), a006550.
doi:10.1101/cshperspect.a006650

Tian, L., Goldstein, A., Wang, H., Ching Lo, H., Sun Kim, I., Welte, T., et al. (2017).
Mutual regulation of tumour vessel normalization and immunostimulatory
reprogramming. Nature 544 (7649), 250–254. doi:10.1038/nature21724

Tsioumpekou, M., Cunha, S. I., Ma, H., Åhgren, A., Cedervall, J., Olsson, A. K., et al.
(2020). Erratum: specific targeting of PDGFRβ in the stroma inhibits growth and
angiogenesis in tumors with high PDGF-BB expression: erratum. Theranostics 10 (16),
7406–7408. doi:10.7150/thno.48039

Tsukita, Y., Okazaki, T., Ebihara, S., Komatsu, R., Nihei, M., Kobayashi, M., et al.
(2018). Beneficial effects of sunitinib on tumor microenvironment and immunotherapy
targeting death receptor5. Oncoimmunology 8 (2), e1543526. doi:10.1080/2162402X.
2018.1543526

Valdor, R., García-Bernal, D., Bueno, C., Ródenas, M., Moraleda, J. M., Macian, F.,
et al. (2017). Glioblastoma progression is assisted by induction of immunosuppressive
function of pericytes through interaction with tumor cells. Oncotarget 8 (40),
68614–68626. doi:10.18632/oncotarget.19804

Valdor, R., García-Bernal, D., Riquelme, D., Martinez, C. M., Moraleda, J. M., Cuervo,
A. M., et al. (2019). Glioblastoma ablates pericytes antitumor immune function through
aberrant up-regulation of chaperone-mediated autophagy. Proc. Natl. Acad. Sci. U. S. A.
116 (41), 20655–20665. doi:10.1073/pnas.1903542116

Vanlandewijck, M., He, L., Mäe, M. A., Andrae, J., Ando, K., Del Gaudio, F., et al.
(2018). A molecular atlas of cell types and zonation in the brain vasculature. Nature 554
(7693), 475–480. doi:10.1038/nature25739

van Splunder, H., Villacampa, P., Martínez-Romero, A., and Graupera, M. (2024).
Pericytes in the disease spotlight. Trends Cell. Biol. 34 (1), 58–71. doi:10.1016/j.tcb.2023.
06.001

van Zijl, F., Krupitza, G., and Mikulits, W. (2011). Initial steps of metastasis: cell
invasion and endothelial transmigration. Mutat. Res. 728 (1-2), 23–34. doi:10.1016/j.
mrrev.2011.05.002

Venetz, D., Ponzoni, M., Schiraldi, M., Ferreri, A. J., Bertoni, F., Doglioni, C., et al.
(2010). Perivascular expression of CXCL9 and CXCL12 in primary central nervous
system lymphoma: T-cell infiltration and positioning of malignant B cells. Int. J. cancer
127 (10), 2300–2312. doi:10.1002/ijc.25236

Villaseñor, R., Kuennecke, B., Ozmen, L., Ammann, M., Kugler, C., Grüninger, F.,
et al. (2017). Region-specific permeability of the blood-brain barrier upon pericyte loss.
J. Cereb. blood flow metabolism official J. Int. Soc. Cereb. Blood FlowMetabolism 37 (12),
3683–3694. doi:10.1177/0271678X17697340

Voisin, M. B., Pröbstl, D., and Nourshargh, S. (2010). Venular basement membranes
ubiquitously express matrix protein low-expression regions: characterization in
multiple tissues and remodeling during inflammation. Am. J. pathology 176 (1),
482–495. doi:10.2353/ajpath.2010.090510

Volz, K. S., Jacobs, A. H., Chen, H. I., Poduri, A., McKay, A. S., Riordan, D. P., et al.
(2015). Pericytes are progenitors for coronary artery smooth muscle. eLife 4, e10036.
doi:10.7554/eLife.10036

Wang, H., Han, G., and Chen, J. (2023). Heterogeneity of tumor immune
microenvironment in malignant and metastatic change in LUAD is revealed by
single-cell RNA sequencing. Aging 15 (12), 5339–5354. doi:10.18632/aging.204752

Wang, S., Voisin, M. B., Larbi, K. Y., Dangerfield, J., Scheiermann, C., Tran, M., et al.
(2006). Venular basement membranes contain specific matrix protein low expression
regions that act as exit points for emigrating neutrophils. J. Exp. Med. 203 (6),
1519–1532. doi:10.1084/jem.20051210

Wang, Y., Sun, Q., Ye, Y., Sun, X., Xie, S., Zhan, Y., et al. (2022). FGF-2 signaling in
nasopharyngeal carcinoma modulates pericyte-macrophage crosstalk and metastasis.
JCI insight 7 (10), e157874. doi:10.1172/jci.insight.157874

Warren, R. S., Yuan, H., Matli, M. R., Gillett, N. A., and Ferrara, N. (1995). Regulation
by vascular endothelial growth factor of human colon cancer tumorigenesis in a mouse
model of experimental liver metastasis. J. Clin. investigation 95 (4), 1789–1797. doi:10.
1172/JCI117857

Wenes, M., Shang, M., Di Matteo, M., Goveia, J., Martín-Pérez, R., Serneels, J., et al.
(2016). Macrophage metabolism controls tumor blood vessel morphogenesis and
metastasis. Cell. metab. 24 (5), 701–715. doi:10.1016/j.cmet.2016.09.008

Wilhelm, S. M., Dumas, J., Adnane, L., Lynch, M., Carter, C. A., Schütz, G., et al.
(2011). Regorafenib (BAY 73-4506): a new oral multikinase inhibitor of angiogenic,
stromal and oncogenic receptor tyrosine kinases with potent preclinical antitumor
activity. Int. J. cancer 129 (1), 245–255. doi:10.1002/ijc.25864

Frontiers in Pharmacology frontiersin.org21

Moro et al. 10.3389/fphar.2024.1426033

https://doi.org/10.1083/jcb.109.1.309
https://doi.org/10.1083/jcb.109.1.309
https://doi.org/10.1007/978-3-030-16908-4_2
https://doi.org/10.1038/bjc.2017.13
https://doi.org/10.1371/journal.pone.0038364
https://doi.org/10.1158/1078-0432.CCR-16-1163
https://doi.org/10.2174/1389557511313040006
https://doi.org/10.1038/jcbfm.2012.107
https://doi.org/10.1172/JCI86623
https://doi.org/10.1002/jcp.22337
https://doi.org/10.1007/s40265-016-0680-2
https://doi.org/10.1007/s40265-016-0680-2
https://doi.org/10.1158/0008-5472.CAN-10-0153
https://doi.org/10.1186/s12974-018-1167-8
https://doi.org/10.1038/ni.2477
https://doi.org/10.1182/blood-2010-05-286872
https://doi.org/10.1182/blood-2010-05-286872
https://doi.org/10.3389/fncel.2019.00519
https://doi.org/10.3389/fncel.2019.00519
https://doi.org/10.3389/fcell.2021.676342
https://doi.org/10.3390/ijms20051079
https://doi.org/10.1038/nn.4288
https://doi.org/10.1007/s40265-018-0939-x
https://doi.org/10.1007/s40265-018-0939-x
https://doi.org/10.1111/nan.12942
https://doi.org/10.1111/nan.12942
https://doi.org/10.1007/s10147-021-02014-7
https://doi.org/10.1007/s10147-021-02014-7
https://doi.org/10.1016/j.jid.2016.06.634
https://doi.org/10.1016/j.jid.2016.06.634
https://doi.org/10.1002/path.5152
https://doi.org/10.1002/path.5152
https://doi.org/10.1101/cshperspect.a006650
https://doi.org/10.1038/nature21724
https://doi.org/10.7150/thno.48039
https://doi.org/10.1080/2162402X.2018.1543526
https://doi.org/10.1080/2162402X.2018.1543526
https://doi.org/10.18632/oncotarget.19804
https://doi.org/10.1073/pnas.1903542116
https://doi.org/10.1038/nature25739
https://doi.org/10.1016/j.tcb.2023.06.001
https://doi.org/10.1016/j.tcb.2023.06.001
https://doi.org/10.1016/j.mrrev.2011.05.002
https://doi.org/10.1016/j.mrrev.2011.05.002
https://doi.org/10.1002/ijc.25236
https://doi.org/10.1177/0271678X17697340
https://doi.org/10.2353/ajpath.2010.090510
https://doi.org/10.7554/eLife.10036
https://doi.org/10.18632/aging.204752
https://doi.org/10.1084/jem.20051210
https://doi.org/10.1172/jci.insight.157874
https://doi.org/10.1172/JCI117857
https://doi.org/10.1172/JCI117857
https://doi.org/10.1016/j.cmet.2016.09.008
https://doi.org/10.1002/ijc.25864
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1426033


Wilm, B., Ipenberg, A., Hastie, N. D., Burch, J. B., and Bader, D.M. (2005). The serosal
mesothelium is a major source of smooth muscle cells of the gut vasculature.Dev. Camb.
Engl. 132 (23), 5317–5328. doi:10.1242/dev.02141

Winkler, E. A., Sengillo, J. D., Bell, R. D., Wang, J., and Zlokovic, B. V. (2012). Blood-
spinal cord barrier pericyte reductions contribute to increased capillary permeability.
J. Cereb. blood flow metabolism official J. Int. Soc. Cereb. Blood FlowMetabolism 32 (10),
1841–1852. doi:10.1038/jcbfm.2012.113

Wong, P. P., Muñoz-Félix, J. M., Hijazi, M., Kim, H., Robinson, S. D., De Luxán-
Delgado, B., et al. (2020). Cancer burden is controlled by mural cell-β3-integrin regulated
crosstalk with tumor cells. Cell. 181 (6), 1346–1363. doi:10.1016/j.cell.2020.02.003

Wu, Z., Thierry, K., Bachy, S., Zhang, X., Gamradt, P., Hernandez-Vargas, H., et al.
(2023). Pericyte stem cells induce Ly6G+ cell accumulation and immunotherapy
resistance in pancreatic cancer. EMBO Rep. 24 (4), e56524. doi:10.15252/embr.
202256524

Xian, X., Håkansson, J., Ståhlberg, A., Lindblom, P., Betsholtz, C., Gerhardt, H., et al.
(2006). Pericytes limit tumor cell metastasis. J. Clin. investigation 116 (3), 642–651.
doi:10.1172/JCI25705

Xu, Q., Wang, J., Sun, Y., Lin, Y., Liu, J., Zhuo, Y., et al. (2022). Efficacy and safety of
sintilimab plus anlotinib for PD-L1-positive recurrent or metastatic cervical cancer: a
multicenter, single-arm, prospective phase II trial. J. Clin. Oncol. official J. Am. Soc. Clin.
Oncol. 40 (16), 1795–1805. doi:10.1200/JCO.21.02091

Yamada, K., Uchiyama, A., Uehara, A., Perera, B., Ogino, S., Yokoyama, Y., et al.
(2016). MFG-E8 drives melanoma growth by stimulating mesenchymal stromal cell-
induced angiogenesis and M2 polarization of tumor-associated macrophages. Cancer
Res. 76 (14), 4283–4292. doi:10.1158/0008-5472.CAN-15-2812

Yamazaki, T., and Mukouyama, Y. S. (2018). Tissue specific origin, development, and
pathological perspectives of pericytes. Front. Cardiovasc. Med. 5, 78. doi:10.3389/fcvm.
2018.00078

Yan, H. H., Pickup, M., Pang, Y., Gorska, A. E., Li, Z., Chytil, A., et al. (2010). Gr-
1+CD11b+myeloid cells tip the balance of immune protection to tumor promotion in the
premetastatic lung. Cancer Res. 70 (15), 6139–6149. doi:10.1158/0008-5472.CAN-10-0706

Yang, H., Lee, W. S., Kong, S. J., Kim, C. G., Kim, J. H., Chang, S. K., et al. (2019).
STING activation reprograms tumor vasculatures and synergizes with
VEGFR2 blockade. J. Clin. investigation 129 (10), 4350–4364. doi:10.1172/JCI125413

Yang, T., Xiao, H., Liu, X., Wang, Z., Zhang, Q., Wei, N., et al. (2021). Vascular
normalization: a new window opened for cancer therapies. Front. Oncol. 11, 719836.
doi:10.3389/fonc.2021.719836

Yang, Y., Andersson, P., Hosaka, K., Zhang, Y., Cao, R., Iwamoto, H., et al. (2016). The
PDGF-BB-SOX7 axis-modulated IL-33 in pericytes and stromal cells promotes
metastasis through tumour-associated macrophages. Nat. Commun. 7, 11385. doi:10.
1038/ncomms11385

Yao, F., Luo, Y., Liu, Y. C., Chen, Y. H., Li, Y. T., Hu, X. Y., et al. (2022). Imatinib
inhibits pericyte-fibroblast transition and inflammation and promotes axon
regeneration by blocking the PDGF-BB/PDGFRβ pathway in spinal cord injury.
Inflamm. Regen. 42 (1), 44. doi:10.1186/s41232-022-00223-9

Yao, Y., Chen, Z. L., Norris, E. H., and Strickland, S. (2014). Astrocytic laminin
regulates pericyte differentiation and maintains blood brain barrier integrity. Nat.
Commun. 5, 3413. doi:10.1038/ncomms4413

Yi, D., Xiang, W., Zhang, Q., Cen, Y., Su, Q., Zhang, F., et al. (2018). Human
glioblastoma-derived mesenchymal stem cell to pericytes transition and angiogenic

capacity in glioblastoma microenvironment. Cell. physiology Biochem. Int. J. Exp. Cell.
physiology, Biochem. Pharmacol. 46 (1), 279–290. doi:10.1159/000488429

Yotsumoto, F., You, W. K., Cejudo-Martin, P., Kucharova, K., Sakimura, K., and
Stallcup, W. B. (2015). NG2 proteoglycan-dependent recruitment of tumor
macrophages promotes pericyte-endothelial cell interactions required for brain
tumor vascularization. Oncoimmunology 4 (4), e1001204. doi:10.1080/2162402X.
2014.1001204

Yu, L., Hu, Y., Xu, J., Qiao, R., Zhong, H., Han, B., et al. (2023). Multi-target
angiogenesis inhibitor combined with PD-1 inhibitors may benefit advanced non-small
cell lung cancer patients in late line after failure of EGFR-TKI therapy. Int. J. cancer 153
(3), 635–643. doi:10.1002/ijc.34536

Yu, L., Xu, J., Qiao, R., Zhong, H., Brueckl, W. M., and Zhong, R. (2023). Comparative
efficacy and safety of multitarget angiogenesis inhibitor combined with immune
checkpoint inhibitor and nivolumab monotherapy as second-line or beyond for
advanced lung adenocarcinoma in driver-negative patients: a retrospective
comparative cohort study. Transl. lung cancer Res. 12 (5), 1108–1121. doi:10.21037/
tlcr-23-260

Zeisel, A., Hochgerner, H., Lönnerberg, P., Johnsson, A., Memic, F., van der Zwan, J.,
et al. (2018). Molecular architecture of the mouse nervous system. Cell. 174 (4),
999–1014. doi:10.1016/j.cell.2018.06.021

Zhang, H., Zhang, N., Wu, W., Wang, Z., Dai, Z., Liang, X., et al. (2022). Pericyte
mediates the infiltration, migration, and polarization of macrophages by CD163/
MCAM axis in glioblastoma. iScience 25 (9), 104918. doi:10.1016/j.isci.2022.104918

Zhao, X., Bose, A., Komita, H., Taylor, J. L., Chi, N., Lowe, D. B., et al. (2012). Vaccines
targeting tumor blood vessel antigens promote CD8(+) T cell-dependent tumor
eradication or dormancy in HLA-A2 transgenic mice. J. Immunol. Baltim. Md 188
(4), 1782–1788. doi:10.4049/jimmunol.1101644

Zhao, Z., Zhang, Y., Zhang, C., Zhang, J., Luo, X., Qiu, Q., et al. (2022). TGF-β promotes
pericyte-myofibroblast transition in subretinal fibrosis through the Smad2/3 and Akt/mTOR
pathways. Exp. Mol. Med. 54 (5), 673–684. doi:10.1038/s12276-022-00778-0

Zheng, X., Fang, Z., Liu, X., Deng, S., Zhou, P., Wang, X., et al. (2018). Increased vessel
perfusion predicts the efficacy of immune checkpoint blockade. J. Clin. investigation 128
(5), 2104–2115. doi:10.1172/JCI96582

Zhou, B., Ma, Q., Rajagopal, S., Wu, S. M., Domian, I., Rivera-Feliciano, J., et al.
(2008). Epicardial progenitors contribute to the cardiomyocyte lineage in the developing
heart. Nature 454 (7200), 109–113. doi:10.1038/nature07060

Zhou, W., Chen, C., Shi, Y., Wu, Q., Gimple, R. C., Fang, X., et al. (2017). Targeting
glioma stem cell-derived pericytes disrupts the blood-tumor barrier and improves
chemotherapeutic efficacy. Cell. stem Cell. 21 (5), 591–603. doi:10.1016/j.stem.2017.
10.002

Zhu, C., Chrifi, I., Mustafa, D., van der Weiden, M., Leenen, P. J. M., Duncker, D. J.,
et al. (2017). CECR1-mediated cross talk between macrophages and vascular mural cells
promotes neovascularization in malignant glioma. Oncogene 36 (38), 5356–5368.
doi:10.1038/onc.2017.145

Zhu, J., Yang, W., Ma, J., He, H., Liu, Z., Zhu, X., et al. (2024). Pericyte signaling via
soluble guanylate cyclase shapes the vascular niche and microenvironment of tumors.
EMBO J. 43 (8), 1519–1544. doi:10.1038/s44318-024-00078-5

Zitvogel, L., Rusakiewicz, S., Routy, B., Ayyoub, M., and Kroemer, G. (2016).
Immunological off-target effects of imatinib. Nat. Rev. Clin. Oncol. 13 (7), 431–446.
doi:10.1038/nrclinonc.2016.41

Frontiers in Pharmacology frontiersin.org22

Moro et al. 10.3389/fphar.2024.1426033

https://doi.org/10.1242/dev.02141
https://doi.org/10.1038/jcbfm.2012.113
https://doi.org/10.1016/j.cell.2020.02.003
https://doi.org/10.15252/embr.202256524
https://doi.org/10.15252/embr.202256524
https://doi.org/10.1172/JCI25705
https://doi.org/10.1200/JCO.21.02091
https://doi.org/10.1158/0008-5472.CAN-15-2812
https://doi.org/10.3389/fcvm.2018.00078
https://doi.org/10.3389/fcvm.2018.00078
https://doi.org/10.1158/0008-5472.CAN-10-0706
https://doi.org/10.1172/JCI125413
https://doi.org/10.3389/fonc.2021.719836
https://doi.org/10.1038/ncomms11385
https://doi.org/10.1038/ncomms11385
https://doi.org/10.1186/s41232-022-00223-9
https://doi.org/10.1038/ncomms4413
https://doi.org/10.1159/000488429
https://doi.org/10.1080/2162402X.2014.1001204
https://doi.org/10.1080/2162402X.2014.1001204
https://doi.org/10.1002/ijc.34536
https://doi.org/10.21037/tlcr-23-260
https://doi.org/10.21037/tlcr-23-260
https://doi.org/10.1016/j.cell.2018.06.021
https://doi.org/10.1016/j.isci.2022.104918
https://doi.org/10.4049/jimmunol.1101644
https://doi.org/10.1038/s12276-022-00778-0
https://doi.org/10.1172/JCI96582
https://doi.org/10.1038/nature07060
https://doi.org/10.1016/j.stem.2017.10.002
https://doi.org/10.1016/j.stem.2017.10.002
https://doi.org/10.1038/onc.2017.145
https://doi.org/10.1038/s44318-024-00078-5
https://doi.org/10.1038/nrclinonc.2016.41
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1426033


Glossary

Ang-1 Angiopoietin 1

Ang-2 Angiopoietin 2

ATP Adenosine triphosphate

ACT Adoptive Cell Transfer

BBB Blood-brain barrier

BTB Blood-tumour barrier

BDNF Brain-derived neurotrophic factor

CNS Central nervous system

CMA Chaperone-mediated autophagy

CCL-, e.g 5,2 Chemokine (C-C motif) ligand

CXCL-, e.g. 1,2,3 Chemokine (C-X-C motif) ligand

CSPG4 Chondroitin sulfate proteoglycan 4

CTC Circulating tumoral cell

CD-, e.g. 4,8,13,146,45,11b,31 Cluster of differentiation

CTLA-4 Cytotoxic T-lymphocyte-associated protein 4

ECs Endothelial cell

EPT Epithelial to Pericyte Transition

EMT Epithelial-to-mesenchymal transition

FGF Fibroblast -growth factor

FGFR2 Fibroblast -growth factor receptor 2

FAK Focal adhesion molecules

GISTs Gastrointestinal stromal tumours

GDNF Glial cell-derived neurotrophic factor

GFAP Glial fibrillary acidic protein

GBM Glioblastoma

HGF Hepatocyte growth factor

HIF-1α Hypoxia inducible factor 1alpha

ICAM-1 Intercellular Adhesion Molecule 1

IFN-α Interferon alpha

IFN-γ Interferon gamma

IL-, e.g. 1b,6,8 Interleukin

LLC Lewis lung carcinoma

LPS Lipopolysaccharides

MHC-II Major histocompatibility complex class II molecule

MMP-9 Matrix metalloproteinase-9

MSCs Mesenchymal stem cells

MDSCs Myeloid-derived suppressor cells

NPC Nasopharyngeal carcinoma

NGF Nerve growth factor

NG2 Neural/glial antigen 2

NO Nitric oxide

NSCLC Non-small cell lung cancer

OS Overall survival

PDAC Pancreatic ductal adenocarcinoma

PFT Pericyte-to-fibroblast transition

PPARγ Peroxisome proliferator-activated receptor gamma

PDGF-BB Platelet derived growth factor

PDGFRβ Platelet derived growth factor receptor-β

PD-L1 Programmed Cell Death Ligand 1

PD-1 Programmed Cell Death Protein 1

PSF Progression-free survival

RGS5 Regulator of G-protein signalling 5

RCC Renal cell carcinoma

αSMA α-smooth muscle actin

SMCs Smooth muscle cells

sGC Soluble guanylate cyclase

SLC Solute carrier family

TGFβ Transforming Growth factor beta

TNFα Tumor necrosis factor

TME Tumour microenvironment

TAM Tumour-associated macrophage

TKI Tyrosine kinase inhibitor

VCAM-1 Vascular cell adhesion protein 1

VEGF Vascular endothelial growth factor

VEGFR Vascular endothelial growth factor receptor
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