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ABSTRACT

Cells must interpret a complex milieu of extracellular cues to modulate
intracellular signaling events linked to proliferation, differentiation,
migration and other cellular processes. Integrins are heterodimeric
transmembrane proteins that link the extracellular matrix (ECM) to the
cytoskeleton and control intracellular signaling events. A great deal is
known about the structural and functional properties for most integrins;
however, the adhesion and signaling pathways controlled by ovp8
integrin, which was discovered nearly 30 years ago, have only recently
been characterized. avp8 integrin is a receptor for ECM-bound forms of
latent transforming growth factor  (TGFp) proteins and promotes the
activation of TGF signaling pathways. Studies of the brain, lung and
immune system reveal that the ovp8 integrin—-TGF 3 axis mediates cell—
cell contact and communication within complex multicellular structures.
Perturbing components of this axis results in aberrant cell-cell adhesion
and signaling leading to the initiation of various pathologies, including
neurodegeneration, fibrosis and cancer. As discussed in this Review,
understanding the functions for avp8 integrin, its ECM ligands and
intracellular effector proteins is not only an important topic in cell biology,
but may lead to new therapeutic strategies to treat human pathologies
related to integrin dysfunction.

KEY WORDS: Extracellular matrix, Cancer, Angiogenesis,
Microenvironment, Pathophysiology

Introduction
Cells must interpret a complex milieu of extracellular matrix (ECM)
cues to modulate intracellular signaling events linked to proliferation,
differentiation and migration. Precise control of these events promotes
normal tissue development and physiology, and these events are
often deregulated in diseases ranging from neurodegeneration to
autoimmunity and cancer. Cells interact with each other as well as with
ECM cues in the microenvironment via various adhesion receptors.
The major receptors used by metazoan cells to interact with the ECM
are integrins, which are heterodimeric transmembrane proteins formed
from an o and B subunit that can engage with the ECM and modulate
intracellular signaling functions (Hynes, 2002). In vertebrates, there
are 24 integrin-encoding genes; 16 genes encoding integrin o subunits
and eight genes encoding integrin  subunits. These integrin subunits
can dimerize in various combinations to yield at least 24 distinct
functional heterodimers that often display cell type-specific expression
patterns and regulate distinct adhesion and signaling pathways.

In this Review, I will summarize adhesion and signaling functions
for a specific integrin, avf8, in development, physiology and disease.
ovP8 integrin is a member of the av subfamily of integrins, which
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comprises ovBl, avp3, avBS and avB6 (Weis and Cheresh, 2011).
These integrins bind with high specificity to RGD peptide, a motif
that is present in many ECM proteins, including vitronectin and
collagen IV, as well as latent TGFB1 and latent TGFB3 (Hynes et al.,
2002). The cDNA sequence encoding B8 integrin (/zgh8) was first
isolated from mammalian tissues and reported in 1991 (Moyle et al.,
1991). Biochemical and cell-based experiments showed that B8
integrin dimerizes exclusively with the av integrin (Nishimura et al.,
1994). Based on primary amino acid sequence, B8 integrin is
predicted to be 81 kDa in size; however, modifications at one or more
of seven possible N-glycosylation sites in the extracellular domain
results in an apparent molecular mass of 100 kDa on SDS
polyacrylamide gels. Itgh8 gene expression patterns were initially
found to be quite restrictive, with mRNA detected mainly in the brain
and kidney (Moyle et al., 1991). B8 protein expression analysis,
however, shows detectable levels in most organs, with the exception
of adipose tissue and blood (https:/www.proteinatlas.org/
ENSG00000105855-ITGB8/tissue). The mouse [ltgh8 gene has
been mapped to chromosome 12, whereas human /TGBS is located
on chromosome 7.

The objective of this Review is to summarize the current knowledge
about avp8 integrin and its essential roles in development and
pathophysiology. A particular emphasis will be placed on ovp8
integrin-mediated activation of TGFP signaling pathways during
central nervous system (CNS) development. Intracellular proteins that
bind to the B8 integrin cytoplasmic tail and activate signaling events
will also be discussed. In addition, I will also summarize three-
dimensional structural studies of ovp8 integrin that reveal unexpected
mechanisms of inside-out activation and ECM engagement, and
highlight abnormal functions for ovB8 integrin in diseases that range
from immune disorders to cancer. Finally, future experimental
priorities as well as potential strategies for therapeutically targeting
components of the ovB8 integrin—-TGFf adhesion and signaling axis
to treat human diseases are highlighted.

Integrin avp8 activation of latent TGF§ ECM protein ligands

Early studies with cultured neuronal cells and in vitro ECM
adhesion assays showed that oovfB8 integrin can bind to vitronectin,
fibronectin and various other ECM ligands containing common
RGD sequences (Ozawa et al., 2016; Venstrom and Reichardt,
1995). However, various in vitro biochemical reports and genetic
studies have revealed that in vivo the major ECM ligands for ov38
integrin are latent TGFp proteins (Worthington et al., 2011). The
three mammalian TGFpB-encoding genes (TGFBI, TGFB2 and
TGFB3) give rise to proteins that are deposited into the ECM as
inactive latent complexes, with the bioactive cytokine non-
covalently linked to latency-associated peptide (LAP). During
TGFpB activation, structural rearrangement of the latent TGFf
complex leads to cytokine engagement with TGFp receptor and
activation of intracellular signaling events including those mediated
by Smad transcription factors (Shi et al., 2011). Although there are
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several possible factors, including reactive oxygen species, that
promote the activation of latent TGFB (Barcellos-Hoff et al., 1994),
integrin-dependent adhesion is a major regulatory mechanism.
Knock-in strategies have been used to mutate the RGD sites within
latent TGFB1 to RGE, which abrogates integrin binding (Yang
etal., 2007). These RGE mutant mice develop vascular phenotypes
identical to those that develop in TGFB1-null mice, highlighting the
in vivo significance of integrin-dependent TGFf activation.
Biochemical studies have also shown that ovB8 integrin can bind
directly to the RGD sequence within the inhibitory LAP domain of
latent TGFB1 and latent TGFB3 (Cambier et al., 2005).

In most integrin heterodimers, the cytoplasmic domain of the
B-integrin subunit is involved in a molecular ‘handshake’ with the
cytoplasmic tail of the adjacent a-integrin. These intracellular
interactions maintain the extracellular region in an inactive state that
is not engaged with ECM ligands (Ginsberg, 2014). This o—f
juxtamembrane interaction is disrupted by the recruitment of
FERM-domain-containing proteins, including talins and kindlins,
to the cytoplasmic tail of the B-integrin subunit (Calderwood et al.,
1999; Harburger et al., 2009; Zhang et al., 2008). However, the 8
integrin cytoplasmic tail is divergent from other integrins and does
not contain NPXY motifs that interact with FERM-domain-
containing proteins, suggesting that there must be distinct
mechanisms that regulate avB8 integrin affinity for ECM ligands.
Protein structure data reveal that the extracellular region of ovf8
integrin is found mainly in an ‘extended-closed’ and, thus, partially
active conformation, rather than the mixture of bent (inactive) and
extended (active) conformations that is common in other integrins
(Wang et al., 2017). In addition, the affinity of avp8 integrin for
latent TGFB! is activated only 2- to 3-fold by Mn?", whereas Mn?*
activates other integrins and enhances their interactions with ECM
ligands by up to 50-fold (Wang et al., 2017). The avp8 integrin
headpiece is not stabilized in an open conformation by Mn2* but has
lower overall affinity for latent TGFB1, as compared to ovf6
integrin (Wang et al., 2017). Although ovp8 integrin is detected in
an extended-closed structural conformation, subtle changes in the
B8 integrin head regions involving the BI domain lead to enhanced
engagement with latent TGF. This structural switch likely depends
on interactions with cytoskeletal adaptor proteins, particularly the
Band 4.1 proteins (McCarty et al., 2005a). Cryo-electron microscopy
(EM) experiments largely support the crystal structure data, indicating
that ovB8 integrin on the cell surface is present mainly in an extended
and partially active conformation, which allows for constitutive
interactions with ECM ligands (Cormier et al., 2018). Although key
contributions by the cytoskeleton are not addressed in the cryo-EM
analyses, these results do reveal that association of ovfB8 integrin
with latent TGF results in cytokine activation without integrin
disengagement from the complex (Campbell et al., 2020). However,
it should be noted that X-ray structural analyses of latent TGFp reveal
a highly dynamic molecule, with some conformations lacking
integrin binding potentials (Hinck et al., 2016). Hence, it will be
important to analyze complexes of avp8 integrin and latent TGFf
using crystallography methods to confirm the conclusions of the
cryo-EM studies.

The various structural and biochemical data detailed above
support a model in which avB8 integrin is present on the cell surface
in a constitutively active conformation that engages with ECM
ligands independently of inside-out activation pathways used by
most other integrins, including ovp6. Although ovfB6 integrin can
also promote TGFB activation (Munger et al., 1999), there are
various mechanistic distinctions underlying how ovf8 and avp6
engage with the latent complex and promote TGFp activation. First,

avf6 integrin is present on the cell surface mainly in a bent-closed
conformation (Dong et al., 2017). Interactions with cytoskeletal
adaptors, such as talins and kindlins, via NPXY motifs in the B6
cytoplasmic tail promote inside-out ovf6 integrin activation and
enhanced ligand engagement. In contrast, avpB8 integrin has a
divergent cytoplasmic domain (see signaling section below) and as
detailed above is present in extended-closed conformation (Wang
etal., 2017; Wang et al., 2019). Second, the 6 integrin cytoplasmic
tail is absolutely required for TGFp activation, whereas TGF
activation can occur in the absence of the B8 cytoplasmic tail (Mu
etal., 2002). Third, avB6 binding to latent TGFB promotes cytokine
activation but involves subsequent disengagement from the latent
complex (Dong et al., 2014), which is distinct from the continuous
engagement mechanism reported for ovB8 integrin (Campbell et al.,
2020). Finally, ovpB8 and ovp6 integrins show largely non-
overlapping cell expression patterns. Integrin avp6 is largely
absent in glial cells of the CNS and is not expressed at significant
levels in circulating immune cell types that utilize avp8 integrin for
latent TGFP activation. Along these lines, combined deletion of B6
and P8 integrins (ltgh6~'~;Itgh8 ') phenocopy developmental
pathologies seen in Itgh8~'~ mice (Aluwihare et al., 2009).

avp8 integrin in CNS development
The brain is the most vascularized organ in the mammalian body with
its complex network of blood vessels that interact with neurons and
glia in multicellular complexes termed neurovascular units (Paredes
et al., 2018). Growth factors, ECM proteins and adhesion receptors
regulate communication between cells of the neurovascular unit in a
coordinated manner to promote normal development and physiology
(Fig. 1) (McCarty, 2009). Depletion of ltgav, the gene encoding the
ov integrin subunit, in mice reveals essential roles for av-containing
integrins in neurovascular development (Bader et al., 1998). Embryos
of av integrin-null mice, which lack all five av-containing
heterodimers in all cells, display abnormal cerebral blood vessel
morphogenesis and intracerebral hemorrhage (Bader et al., 1998,
McCarty et al., 2002). Although the whole-body ablation of Itgh8
leads to very similar brain angiogenesis defects (Zhu et al., 2002),
genetic deletion of any of the other four av-associated B-subunits
individually or in various combinations does not yield CNS
phenotypes (Graus-Porta et al., 2001; Hodivala-Dilke et al., 1999;
Huang et al., 2000; Munger et al., 1999). In germinal matrices, which
are neurogenic regions of the developing brain, expression of /zgh8 in
perivascular glial cells is activated by G protein-coupled receptor
(GPCR) signaling via the Ric8 guanine nucleotide exchange factor
(GEF) and the kinase p38a (also known as MAPK14) (Ma et al.,
2017; Santhosh and Huang, 2015; Santhosh et al., 2019). Given that
similar neurogenic regions in premature human neonates are prone to
vascular insult leading to germinal matrix hemorrhage and/or
intraventricular hemorrhage (Ballabh, 2010), it will be intriguing to
determine whether expression of ovp8 integrin or its regulatory
components are deregulated and contribute to disease pathogenesis.
In addition to brain vascular phenotypes, av and B8 integrin
knockout-mice develop a cleft palate, leading to early neonatal death
due to the inability to feed (Bader et al., 1998). To study integrin
functions selectively in the CNS, Cre-lox strategies were used to
selectively ablate the ov gene (/fgav) in mice neural progenitor cells
(McCarty et al., 2005b). Conditional knockout animals develop CNS-
specific vascular phenotypes; however, they do not develop a cleft
palate and many survive for several post-natal months. Interestingly, all
CNS-specific av conditional mutants display progressive neurological
phenotypes, including seizures and ataxia, and die by 8 months of age
(McCarty et al., 2005b). Similar brain and retinal phenotypes have
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Fig. 1. Integrin avp8 regulates neurovascular development via activation
of latent TGFps. (A) Schematic illustration of the multicellular composition of a
brain neurovascular unit, comprised of vascular endothelial cells and pericytes
that are juxtaposed with astrocyte and microglial end feet. There are at least
two basement membranes (highlighted by dark black lines) within the
neurovascular unit, highlighting the importance of cell-ECM contact and
communication in neurovascular biology. (B) avp8 integrin expressed in
perivascular astroglial cells cooperates with microglial cell-expressed and
secreted LRRC33 to bind to latent TGFBs embedded within the ECM.
Interactions between integrin and LRRC33 induce structural rearrangements
within the latent TGFB complex, leading to paracrine activation of TGFf
receptor signaling in vascular endothelial cells. TGFB receptor signaling via
Smad transcription factors and other effectors leads to changes in gene
expression programs that regulate angiogenesis during CNS development.
Nrp1, which is expressed in brain endothelial cells, suppresses TGFp signaling
by serving as a counter-receptor for avf8 integrin, thereby blocking latent
TGFp activation. Genetic or pharmacological disruption of integrin
engagement of TGF receptor signaling leads to severe CNS angiogenesis
pathologies. The TGFp receptor complex consists of a heterodimer of type 1
TGFB receptor (indicated in red) and type 2 TGFp receptor (indicated in black).

been reported for the CNS-specific conditional B8 integrin mutants
(Arnold et al.,, 2012; Hirota et al., 2011; Proctor et al., 2005),
suggesting that the neurological impairments that develop in ov
mutants are largely due to loss of function of avfB8 integrin. In av and
B8 knockout mice, the severe brain vascular pathologies that are so
apparent in embryonic and neonatal periods mostly resolve by
adulthood (Mobley et al., 2009). Resolution of the neurovascular
pathologies occurs within a developmental period (three to four post-
natal weeks) when CNS blood vessels transition from an angiogenic to
a quiescent status (Ma and Huang, 2015), suggesting that ovp8
integrin provides essential roles in modulating these active phases of
CNS blood vessel development.

Indeed, selective deletion of Itgav or ltgh§ in adult CNS astroglial
cells does not lead to acute vascular pathologies (unpublished data,
McCarty group). Recent data suggest that defective TGFB-regulated
fatty acid metabolism in brain vascular endothelial cells contribute
to the adult-onset neurological deficits (Tiwary et al., 2018). In
addition, the progressive neurological deficits in mice lacking B8

integrin in the CNS have been linked to defective TGFp receptor
signaling in microglial cells (Arnold et al., 2019). Hence, the
progressive neurodegeneration phenotypes in adult /zgh8-mutant
mice may be due to defective TGF signaling in multiple cell types
of the brain.

TGFB proteins activate multiple cytoplasmic pathways primarily
through their transmembrane receptors, which contain serine/
threonine kinase activities (Massague, 2008). Selective deletion of
the type 2 TGFp receptor gene 7gfbr2 in endothelial cells using the
Alk1-Cre knock-in mouse model (Park et al., 2008) leads to
defective brain angiogenesis and intracerebral hemorrhage (Nguyen
et al., 2011), which is similar to phenotypes seen in ov and B8
integrin mutant mice. In addition, tamoxifen-inducible deletion of
Tgfbr2 in angiogenic endothelial cells results in defective vascular
development, including aberrant brain and retinal angiogenesis and
hemorrhage (Allinson et al., 2012). In support of the mouse genetic
results detailed above, single nucleotide polymorphisms in the
human B8 integrin gene (/7GBS8) that alter protein expression and
function have been identified in patients with brain vascular
malformations (Su et al., 2010) and spontaneous brain hemorrhage
(Dardiotis et al., 2017); these are also linked to defects in the TGFf
receptor signaling pathway (Cunha et al., 2017).

Neuropilin 1 (Nrpl) is a transmembrane protein that was first
discovered as a receptor for secreted semaphorins, as well as vascular
endothelial growth factor-A (Tata et al., 2015). Nrp1 has also been
reported to act a receptor for TGFB proteins in cultured cell types,
including vascular endothelial cells (Glinka and Prud’homme, 2008).
Genetic ablation of Nrpl in endothelial cells leads to CNS
neurovascular phenotypes that are similar to those observed in
avp8 integrin and TGFp knockouts (Gerhardt et al., 2004; Gu et al.,
2003). Based on these data, the functional links between Nrp1, avB8
integrin and latent TGFB activation and signaling were further
analyzed by using genetically engineered mouse models and in vitro
co-culture assays. Two groups independently reported that Nrpl
suppresses canonical TGFp receptor signaling in endothelial cells of
the brain (Aspalter et al., 2015; Hirota et al., 2015). Nrp1 expressed in
the cerebral endothelium also blocks latent TGFf activation in the
ECM by serving as a counter-receptor in trans for ovp8 integrin
expressed in perivascular astroglial cells (Hirota et al., 2015). Similar
vascular pathologies in Nrp 1-deficient mice have been reported in the
developing retina (Mack et al., 2016). Hence, a precise balance of
TGFp signaling in endothelial cells is essential for the control of
sprouting angiogenesis during CNS development. Recently, a new
and important component in the avp8-TGFP pathway has been
identified. Leucine-rich repeat containing protein 33 (LRRC33, also
known as NRROS), an extracellular protein secreted into the
extracellular microenvironment by brain microglia is essential for
latent TGF activation, possibly by cooperating with ovB8 integrin in
nearby astrocytes (Qin et al., 2018). Hence, astrocytes and microglia
coordinately bind to latent TGFs in the brain ECM to mediate their
activation and signaling in the brain vasculature (Fig. 1).

ovp8 integrin and stem cell biology

In the subventricular zone of the post-natal rodent brain, neural stem
and progenitor cells give rise to neuroblasts that migrate to the olfactory
bulbs via the rostral migratory stream (Murase and Horwitz, 2004).
Neuroblasts often use blood vessels and astrocytes that comprise ‘glial
tubes’ as scaffolds and receive cues for directional migration (Bovetti
etal., 2007; Whitman et al., 2009). Neural progenitors and neuroblasts
express substantial levels of ovB8 integrin, and ablation of /rgav or
Itgh8 via Nestin-Cre in mice results in defective olfactory bulb
development (Mobley and McCarty, 2011). Subventricular zone tissue
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explants cultured in ECM reveal that ovB8 integrin is essential for
migration of the neuroblast chain, with mutant cells displaying
adhesion and migration defects. Neural stem cells in the human brain
are largely restricted to the dentate gyrus although some neurogenesis
occurs within the subventricular zone during development (Sanai
et al., 2011). In support of its roles in neural stem cell migration, early
work using cultured brain astrocytes revealed critical roles for ovp8
integrin in cell migration and invasion (Milner et al., 1999, 2001).
While essential roles for avB8 integrin in human neurogenesis have not
been reported, there are recent data suggesting important functions for
ovfB8 integrin in human-specific brain functions. For instance,
quantitative RNA profiling of cultured organoids from humans and
non-human primates have revealed gene signatures involved in
human-specific brain evolution (Pollen et al, 2019), and,
interestingly, /7GBS is one gene that is highly expressed in human
cerebral organoids compared with organoids from non-human
primates. This suggests that ovB8 integrin adhesion and signaling
pathways promote structural complexity and/or higher order functions
in the human brain.

Integrin ovB8 also has crucial roles in other stem cell niches
outside of the CNS. In the bone marrow, ovfB8 integrin in non-
myelinating Schwann cells has been reported to regulate
hematopoietic stem cell self-renewal and differentiation through the
regulation of latent TGFp activation and signaling (Yamazaki et al.,
2011). Genetic ablation of TGF receptor signaling in hematopoietic
stem cells, or ablation of avB8 integrin-expressing Schwann cells in
the bone marrow results in diminished hematopoiesis (Yamazaki
et al, 2011). A prior report has shown that ovp8 integrin in
myelinating Schwann cells is a receptor for fibrin in the ECM, and
directly binds to the intermediate filament factor glial fibrillary acidic
protein (GFAP) (Chernousov and Carey, 2003). However, genetic
deletion of Jtgav or Itgh8 in Schwann cells does not lead to defects in
axonal myelination (Laura Feltri, personal communication). Finally,
ovB8 integrin has been reported to have essential roles in the
differentiation of mesenchymal stem cells (MSCs) into chondrocytes,
acell type that is crucial for cartilage functions (LaPointe et al., 2013).
In vitro differentiation of MSCs toward the chondrocyte lineage
correlates with increased expression of /7GBS mRNA, with RNAi-
mediated silencing of /ITGBS expression resulting in suppressed
chrondrocyte development (LaPointe et al., 2013).

ovp8 integrin in immune system homeostasis

ovB8 integrin-dependent regulation of TGFB signaling is also
important for the normal functions of many immune cells. These
immune-cell-specific roles were first discovered more than a decade
ago when studying the effects of /1gav deletion in hematopoietic stem
cells (Lacy-Hulbert et al., 2007). Although the mutant mice did not
display any defects in hematopoiesis, many adult mutants died
prematurely and showed intestinal inflammation with spontaneous
colorectal adenocarcinomas (Lacy-Hulbert et al., 2007). Concurrent
experiments by another group that used immune-cell-specific Cre
mouse models revealed that avB8 integrin in surveilling intestinal
dendritic cells is essential for homeostasis of the gut epithelium
through its role in the activation of latent TGFs (Travis et al., 2007).
Similar roles for avB8 integrin has subsequently been reported in the
human intestinal tract (Fenton et al., 2017). Paracrine factors within
the tissue microenvironment also have important roles in regulating
Itgh8 expression and functions in dendritic cells (Boucard-Jourdin
et al., 2016). In addition, epigenetic regulatory mechanisms can also
impact l1gh8 gene expression. For example, the micro RNAs (miRs)
mIR-19b-3p and mIR-106-5p suppress [TGBS expression in
intestinal epithelial cells, and these events drive the formation of

colorectal carcinomas (Fang et al., 2011; Huang et al., 2017). Finally,
important homeostatic roles for cv8 integrin have also been reported
in the skin, where integrin-expressing dendritic cells (Mani et al.,
2019) promote TGFp activation and signaling in resident memory T
cells (Hirai et al., 2019; Mohammed et al., 2016). TGFs can also
synergize with IL-1B to stimulate expression and secretion of the
chemokine CCL20 (Brand et al., 2015), which is involved in T cell
recruitment and activation. avB8 integrin expressed in regulatory T
cells can also inhibit T cell-mediated inflammation via TGFpB
activation and signaling (Worthington et al., 2015), whereas T cells
that lack integrin expression are incapable of suppressing the
inflammatory response. Glycoprotein A repetitions predomain
(GARP; also known as LRRC32) is a transmembrane protein
expressed in T regulatory cells that coordinates with ovf8 integrin to
activate latent TGFs (Lienart et al., 2018). The influence of GARP in
regulating immune inflammation is similar to roles for LRRC33 in
facilitating integrin-mediated TGF activation in the CNS (Qin et al.,
2018). In addition, integrin-mediated TGFp activation is also linked
to other immune responses, including Th17 cell induction in
experimental autoimmune disorders (Araya et al., 2006; Melton
et al., 2010) and intestinal monocyte control of immune tolerance
(Kelly et al., 2018).

Integrin ovp8 and organ fibrosis

Aberrant communication between epithelial cells with fibroblasts and
immune cells in the lung, liver, kidney and other organs can lead to
fibrosis, or pathological stromal cell hyperproliferation and abnormal
ECM deposition (Kim et al., 2018). For example, interactions between
pulmonary epithelial and mesenchymal fibroblasts within the
epithelial-mesenchymal trophic unit (EMTU) of the lung play
important roles in promoting normal organ development and
physiology. [ltgh8 expression in lung epithelial cells can be
regulated at the transcriptional level by multiple pathways. In
particular, a signaling cascade involving IL-18, p38a kinase, and
the transcription factors SP3 and AP-1 have been shown to induce
ITGBS expression in human epithelial cells (Markovics et al., 2010,
2011). Furthermore, by using ex vivo models of the EMTU, it has been
shown that avB8 and avf6 integrins that are expressed in airway
epithelial cells promote the activation of latent TGF proteins, leading
to the recruitment of resident immune cells (Araya et al., 2000).
Deregulation of integrin-mediated TGFp activation in the EMTU
results in lung fibrosis and leads to chronic obstructive pulmonary
disease, as well as asthma (Araya et al., 2007; Kitamura et al., 2011;
Minagawa et al., 2014). Liver fibrosis that results from colorectal
carcinoma metastasis also involves ov integrin-dependent collagen
deposition (Conti et al., 2008), which likely is triggered by latent
TGFp activation. TGFB receptor signaling via Smads and other
effectors stimulates synthesis of ECM proteins including collagens
(McCarty, 2008). Furthermore, fibrotic pathologies in the kidney are
promoted by avB8 integrin expressed by mesangial cells via activation
of TGFpBs (Lakhe-Reddy et al., 2014). Finally, interactions between
ovf8 integrin in mesangial cells and CD31 (also known as platelet
endothelial cell adhesion molecule 1; PECAMI) in renal endothelial
cells has been reported as a mechanism to balance latent TGFB
activation in the normal kidney. These interactions are altered during
renal fibrosis, leading to hyperactivation of TGFp signaling in the
stroma (Khan et al., 2011).

Integrin avf8 as a viral receptor and mediator of membrane
fusion

Various viruses utilize ovp8 integrin as a receptor for cell entry and
infection. For instance, the herpes simplex virus (HSV) gH—gL
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binary protein complex binds directly to the extracellular domain of
ovB8 integrin in epithelial and neuronal cell types (Gianni et al.,
2015). This interaction with avB8 integrin leads to conformational
changes in gH—gl, which initiate endocytosis of HSV through
membrane fusion mechanisms that involve dynamin 2 (Gianni et al.,
2013; Hutt-Fletcher and Chesnokova, 2010). Similar roles for the
gH—gL. complex have been reported for Epstein—Barr virus infection
of epithelial cells and B cells (Hutt-Fletcher and Chesnokova, 2010).
Similarly, the foot-and-mouth disease virus has also been reported to
bind directly to awvB8 integrin through the viral VP1 protein, which
contains an RGD peptide sequence. Here, domain-swapping
experiments reveal that entry of foot-and-mouth disease virus into
cells involves the cytoplasmic domain of B8 integrin (Jackson et al.,
2004), suggesting that this domain is important for the extracellular
structure of integrin extracellular structure and/or intracellular
downstream signaling pathways that are involved in viral infection.
Finally, genomic analyses of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV2), which has caused the COVID-19
pandemic, reveals an RGD sequence in the viral spike (S) protein
that is lacking in other coronaviruses (Sigrist et al., 2020). The RGD
sequence is not within the well-characterized S-protein-binding
domain for the angiotensin converting enzyme 2 (ACE2) receptor.
While the functional significance of the RGD motif in the S protein
remains to be determined experimentally, it is enticing to speculate
that avB8 integrin may modulate binding and entry of SARS-CoV?2,
possibly by forming a cell surface complex with ACE2 in lung
epithelial cells. Furthermore, there are reports of COVID-19 patients
developing cerebral edema and severe neurological deficits (Mao
et al., 2020), suggesting that SARS-CoV?2 is causing encephalitis,
possibly via RGD-dependent engagement with avB8 integrin.

Integrin avp8 functions in cancer initiation and progression
Abnormal regulation of avf8 integrin-mediated adhesion and
downstream signaling pathways (see below) contribute to the
initiation and progression of various cancers. Early work suggested
that lung adenocarcinoma cells that express low levels of avf8
integrin generated more malignant tumors in xenograft models, and
these events correlated with reduced activation of latent TGFf and
downstream signaling (Cambier et al., 2000). More recent studies in
stratified epithelial tissues reveal that avf8 integrin-mediated TGFB
signaling suppresses basal epithelial cell growth via autocrine
feedback pathways. Deregulation of these events in mice, either
through genetic deletion of /rgav (McCarty et al., 2008) or Tgfbr2,
the gene encoding TGFf receptor type-2 (Guasch et al., 2007), leads
to the initiation of squamous cell carcinoma. Furthermore,
experiments using transgenic mouse models of squamous cell
carcinoma (Savar et al., 2015), as well as human squamous cell
carcinoma samples (Hsu et al., 2011), confirm that a reduced
expression of avp8 integrin correlates with higher-grade tumors.
However, in contrast to the data from squamous cell carcinomas,
upregulation of B8 integrin expression in pancreatic cancer cells
leads to more malignant disease, as well as to an enhanced resistance
to chemotherapy (Jin et al., 2019). Hence, increased levels of av8
integrin can have both pro-tumorigenic or anti-tumorigenic
activities, depending on the type of cancer.

Glioblastoma (GBM) is a highly aggressive primary tumor type
with unique blood vessel pathologies, including uncontrolled
microvascular proliferation, hemorrhage and edema (Lathia et al.,
2015). Hyperactive TGFp receptor signaling in GBM cells drives
growth and survival (Penuelas et al., 2009). B8 promotes the
perivascular growth of GBM cells, as well as their invasion along
blood vessels through its role in the activation of latent TGFfs.

Specifically, it was shown that GBM cell lines that express low
levels of integrin B8 are less invasive, whereas cells that have high
levels of integrin B8 give rise to tumor growth and perivascular
invasion (Reyes et al., 2013a; Tchaicha et al., 2011) (Fig. 2). More
recently, my group has discovered that ovp8 integrin-expressing
human GBM cells freshly sorted from patient tumors generate more
malignant tumors in the mouse brain in comparison to GBM cells
that express low or undetectable levels of avp8 integrin (Guerrero
et al., 2017). In addition, avB8 integrin can functionally interact
with Nrpl in GBM cells to activate TGFp signaling and promote
cell cycle progression (Kwiatkowski et al., 2017). Similar pro-
tumorigenic roles have been reported for avp8 integrin in GBM
stem cells in promoting tumor recurrence following radiation and
chemotherapy (Malric et al., 2019). In addition, miR-142-3p and
miR-93 negatively regulate /TGBS expression in glioma cells during
brain tumor growth and invasion and thus might be a cause for their
resistance to therapy (Lietal., 2018; Malekpour Afsharetal., 2017).
Finally, in metastatic brain tumors there is a correlation between
avfB8 integrin expression and severity of metastatic lesions
(Schittenhelm et al., 2013). In general, these various data indicate
that increased expression of avf8 integrin leads to enhanced
activation of TGF receptor signaling and these events collectively
promote tumor cell growth and invasion.

Regulation of intracellular signaling effectors by avp8
integrin

Most if not all of the experimental evidence indicates that the
primary biological function for avB8 integrin is the control of cell-
cell communication in multiple tissues. However, avp8 integrin
also regulates intracellular signaling pathways, although these
pathways are distinct from other integrins (Fig. 3). As noted above,
the amino acid sequence of the B8 integrin cytoplasmic tail is not
homologous to that of other B subunits. Most integrin 8 subunits,
including B1A, B2, B3A, BS and B6, utilize NPXY motifs to interact
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Fig. 3. A summary of intracellular signaling pathways regulated by avp8
integrin. The cytoplasmic domain of B8 integrin can bind to various
intracellular signaling effectors, including the non-receptor protein tyrosine
phosphatase PTP-PEST, which subsequently regulates p130Cas activities in
focal adhesions and VCP/p97 in the ubiquitin proteasome system. B8 integrin
also binds directly to the Rho GTPase regulatory factor RhoGDI1, which
controls the activation states of Rac1 and Cdc42 GTPase. Finally, the p8
integrin cytoplasmic domain can link to the actin cytoskeleton through
interactions with Band 4.1 proteins.

directly with FERM domain proteins, such as talins and kindlins,
which in turn controls cytoskeletal dynamics (Ginsberg, 2014),
whereas B8 lacks these FERM-domain-binding motifs suggesting
that avB8 integrin signaling involved the recruitment of distinct
effector proteins.

The B8 integrin cytoplasmic domain has been shown to interact
with RhoGDII (also known as ARHGDIA), a 25kDa protein
involved in regulation of Rho GTPase signaling (Lakhe-Reddy et al.,
2006; McCarty et al., 2005a). There are at least three members of the
RhoGDI family, and they function to extract active Rho GTPases from
membranes to sequester them in the cytoplasm (Boulter et al., 2010;
Garcia-Mata et al., 2011; Moissoglu and Schwartz, 2006). Thus,
RhoGDIs act in concert with guanine nucleotide exchange factors
(GEFs) and GTPase-activating proteins (GAPs) to balance Rho
activation. Integrin avB8 recruits RhoGDI!1 to the leading edge of the
cell in order to extract activated Rho proteins from the plasma
membrane and sequester them in the cytoplasm (Lakhe-Reddy et al.,
2006; Reyes et al., 2013b). Accordingly, silencing RhoGDIl or
uncoupling RhoGDI1-ovB8 integrin associations by mutating
integrin-recruitment sites in RhoGDI1 (see below) results in
hyperactivation of the Rho family members Racl and Cdc42 with
subsequent impairment of cell migration (Reyes et al., 2013b).
Furthermore, the defective neurogenesis in oovB8 integrin mutant mice
have been linked to alterations in Rho GTPase activation (Lee et al.,
2015). Moreover, during zebrafish brain development, interactions
between ovp8 integrin and BPix (also known as ARHGEF7), a
scaffold protein with GEF activities that binds many proteins
including the GAP Gitl, have been identified (Liu et al., 2012).
Mutations in zebrafish arhgef7 or itgh8 give rise to pathological
angiogenesis and cerebral edema (Liu et al., 2012), although the exact
mechanisms underlying these vascular pathologies remain unknown.

RhoGDIs are inactivated by phosphorylation on Y156 by the
non-receptor tyrosine kinase Src; this diminishes their affinity for
GDP-bound Rho proteins and induces the translocation of RhoGDI
to the leading edge of the cell (DerMardirossian et al., 2006; Wu
et al., 2009). My group has found that ovB8 integrin binds to the

non-receptor protein tyrosine phosphatase (PTP)-PEST (also
known as PTPN12), and that this interaction promotes RhoGDI1
dephosphorylation, which results in its release from the membrane
and sequestration of GDP-bound Racl and Cdc42 in the cytoplasm
(Lee et al., 2015). PTP-PEST contains an N-terminal catalytic
domain and proline, glutamate, serine and threonine (PEST)-rich
sequences in the C-terminus. PTP-PEST is broadly expressed and
has important roles in promoting cell adhesion and motility during
development (Zheng and Lu, 2013). It has been recently shown that
ovB8 integrin signaling via PTP-PEST and the ubiquitin
proteasome system component p97 (also known as VCP) is
important for promoting GBM cell invasion by increasing focal
adhesion turnover at the leading edge (Chen et al., 2018).

Similar to what is seen for other integrins, ov38 integrin serves as a
link between the ECM and the cytoskeleton. Genetic screens have
revealed that the B8 integrin cytoplasmic tail interacts with the FERM
domain-containing protein Band 4.1B (also known as EPB41L3),
which is important for the development of the CNS (McCarty et al.,
2005a). Interestingly, B8 integrin binds directly to Band 4.1B through
its C-terminal domain (CTD), but does not interact with the FERM
domain of Band 4.1B (McCarty et al., 2005a). Mass spectrometry
experiments also identified spinophilin (PPPIR9B) as a protein that
binds to the B8 integrin cytoplasmic tail (Cheerathodi et al., 2016).
Spinophilin is a 130 kDa cytoskeletal scaffolding protein that contains
PDZ, protein phosphatase 1 (PP1) and actin-binding domains; it
is highly expressed in the brain where it interacts with various
transmembrane proteins (Carnero, 2012). Human GBM cells that lack
spinophilin expression owing to RNAi-mediated gene silencing or
CRISPR gene editing show increased numbers of filopodia in vitro, as
well as enhanced invasive growth in the mouse brain, and all these pro-
invasive properties have been shown to correlate with reduced levels of
Racl activity (Cheerathodi et al., 2016).

While the recruitment of signaling effectors is essential for ovp8
integrin-driven cell migration and invasion especially in cancer
(Reyes etal., 2013a), it remains to be determined whether intracellular
signaling is coupled to latent TGFB engagement and signaling.
Recent 3D structure data suggest that conversion from the extended-
closed conformation to a more ECM ligand-engaged state requires
coupling to the cytoskeleton (Wang et al., 2019), likely via inside-out
mechanisms involving Band 4.1 proteins and/or other cytoplasmic
effectors such as spinophilin, which provide links to the cytoskeleton.
It is intriguing to speculate that PTP-PEST also promotes ECM
interactions by regulating the phosphorylation status of the (B8
cytoplasmic domain or via dephosphorylation of spinophilin and/or
Band 4.1 proteins. Alternatively, ovB8 integrin-mediated recruitment
of intracellular signaling effectors may occur as a result of ECM
ligand binding through classic outside-in signaling. It would be
interesting to use genetic strategies to delete the B8 integrin
cytoplasmic tail and determine whether this impacts latent TGFf
activation and signaling.

Conclusions and future directions

The importance of ovp8 integrin in promoting cell—cell
communication during the initiation and progression of several
diseases, ranging from immune disorders to cancer, makes this
integrin as well as its latent TGFB ECM ligands attractive targets for
possible therapeutic interventions. In particular, the specificity of
ovB8 integrin for RGDLXX(L/T) sequences within its ligands make it
a suitable target for the use of function-blocking antibodies, as well as
small-molecule inhibitors that block its adhesion to the ECM. Similar
strategies have been employed to target the related ov-containing
integrins avB3 and ovB5 by using the cyclic RGD compound
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cilengitide as an anti-angiogenic agent or an anti-tumor cell growth
agent, although these efforts have largely failed in clinical trials
(Weller et al., 2016). However, strategies to target ovf8 integrin
may be more effective given its atypical extended-closed structure
(Wang et al., 2017; 2019) and its unique mechanisms of latent TGFf
engagement and activation (Campbell et al., 2020). It will be
interesting to determine whether neutralizing anti-B8 integrin
antibodies or RGDLXX(L/T)-containing peptide mimetics could be
effective in treating fibrosis. These agents might also serve as effective
anti-viral strategies to block binding between avf8 integrin and HSV
or FMDV proteins and subsequent membrane fusion events required
for viral entry and infection.

It is worth keeping in mind that blocking ovB8 integrin may have
broad effects that are related to the subsequent inhibition of TGFB
activation and signaling. Immune checkpoint inhibitors have shown
limited efficacy in many cancer clinical trials, including primary
brain and pancreatic tumors, likely due to a suppression of immune
cell activation by alternative pathways. TGFB activation is one
pathway that tumor cells utilize to suppress the immune system and
evade blockade by immune-checkpoint inhibitors (Jiao et al., 2019)
(Fig. 2). Therefore, blocking TGFp signaling or the activation of
latent TGFp activation through avB8 integrin inhibition in cancer
may be an effective strategy to augment the effects of immune-
checkpoint inhibitors. Indeed, roles for avB8 integrin and TGFf
proteins in the suppression of T cells have recently been shown in
various tumor types (Stockis et al., 2017; Takasaka et al., 2018).
However, blocking avf8 integrin-mediated TGFp activation in
immune cells outside of the tumor microenvironment may lead to
unwanted side effects, such as for example, the intestinal
autoimmune phenotypes observed in the mice lacking av or B8
integrin expression in immune cells. Additional strategies to inhibit
ovp8 integrin could involve blocking intracellular signaling through
the B8 cytoplasmic tail. In this context, synthetic peptides and/or
small molecules that block the activation of PTP-PEST and other
signaling proteins could be an effective strategy for inhibiting tumor
cell growth and invasion. It will also be critical to determine the
relative importance of intracellular signaling pathways and whether
they are coupled to ECM engagement, especially involving the
latent TGFB complex.

In summary, the past 15 years have seen major advances in our
understanding of roles for avp8 integrin, its latent TGF3 ECM
ligands and cytoplasmic effector proteins in development,
physiology and disease. Important future directions will involve
using advanced proteomic technologies to identify and characterize
additional ECM protein ligands and intracellular signaling partners
for avB8 integrin. Efforts to identify the ‘adhesome network’ for
various other integrins have yielded novel findings concerning the
dynamic nature of integrin adhesion and signaling (Geiger and
Yamada, 2011). In addition, use of quantitative RNA sequencing
strategies will be important to identify avB8 integrin-dependent gene
expression profiles in single cells isolated from healthy and diseased
tissues. Furthermore, it will be important to elucidate the molecular
mechanisms that lead to conversion of the extended-closed ovfp8
extracellular domains into their fully active conformation, including
the contributions from cytoplasmic effector proteins such as Band
4.1B and/or extracellular regulatory factors, such as LRRC33 or
GARP. Additionally, it will be necessary to determine how the av8
integrin—-TGFP pathway is functionally connected to other signaling
networks, and how these events are linked to development and
disease. The potential blockade of these pathways could result in
effective therapies to benefit patients with diseases that are associated
with avB8 integrin and/or TGFB dysfunction.
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