1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

NATIG,

o
R HE

s sy,
D

10

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Biomater Sci. 2014 November ; 2(11): 1562-1573. doi:10.1039/C4BMO00200H.

The Instructive Role of the Vasculature in Stem Cell Niches

Andrew J. Putnam
Department of Biomedical Engineering, University of Michigan, Ann Arbor, MI 48109

Abstract

An important hallmark of many adult stem cell niches is their proximity to the vasculature in vivo,
a feature common to neural stem cells (NSCs), mesenchymal stem cells (MSCs) from bone
marrow, adipose, and other tissues, hematopoietic stem cells (HSCs), and many tumor stem cells.
This review summarizes key studies supporting the vasculature’s instructive role in adult stem cell
niches, and the putative underlying molecular mechanisms by which blood vessels in these niches
exert control over progenitor cell fates. The importance of the perivascular niche for pathology,
notably tumor metastasis and dormancy, is also highlighted. Finally, the implications of the
perivascular regulation of stem and progenitor cells on biomaterial design and the impact on future
research directions are discussed.

Introduction

Cell-based regenerative medicine approaches offer the potential to transform current clinical
treatments for many diseases, disabilities, and traumatic injuries. However, successful
implementation of such approaches hinges on the ability to predictably and reliably control
cell fate decisions. In the body, such decisions are governed not only via genetic and
epigenetic means (i.e., cell intrinsic), but also by many different microenvironmental
features (i.e., cell extrinsic), including soluble and insoluble morphogens, cues from other
cells, and the extracellular matrix (ECM). Collectively, these factors constitute the stem cell
niche, which helps maintain stem cell quiescence by regulating self-renewal and promotes
their ability to support tissue homeostasis by controlling differentiation.

The concept of the stem cell niche was first proposed by Schofield with respect to HSCs,
and refers to a specialized microenvironment that includes supporting cells along with their
secreted trophic factors that influence stem cell phenotype.! The numerous aforementioned
instructive cues that comprise post-natal adult stem cell niches coordinately regulate cell fate
decisions with precise spatiotemporal control.23 Furthermore, there is evidence that the
intrinsic mechanical properties of the ECM influence cell fate decisions in MSCs,* NSCs,®
and skeletal muscle stem cells.5 However, the complexity and integration of these various
elements remains poorly understood. Artificial stem cell niches may augment efforts to
identify the specific cues that define stem cell niches, and thereby pave the way for the
successful use of stem cells in regenerative medicine.”~2 While complete recapitulation of
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stem cell microenvironments ex vivo has yet to be achieved, an improved understanding of
in vivo niches will greatly facilitate this goal.

The development of artificial stem cell niches has accelerated in the bioengineering
community in recent years.10-12 The most common current paradigm involves the use of
information-rich, “instructive” biomaterials, which could conceivably direct cell fate in vitro
and provide a template for tissue formation in vivo.11 These materials are often designed
with tunable mechanical, chemical, cell-adhesive, and/or geometric or topographic
properties to achieve maximal control of cell fate. Various permutations of this approach
have been highlighted in several other reviews,211.13 and there is wide consensus that these
approaches will continue to be important avenues of investigation.

Several recent studies suggest that another feature common to many adult stem niches is
critically important in the regulation of cell fate: proximity to the vasculature.14 This
anatomic location, the so-called perivascular niche, has been suggested as the in vivo
location of adult NSCs,15-17 MSCs from bone marrow and multiple other adult tissues,18
and HSCs.1? Interactions between stem cells and endothelial cells (ECs) in the niche are
reciprocal and dynamic, and current knowledge of the molecular basis of these interactions
is in its infancy. A more complete understanding of these interactions and the nature of their
regulation offer exciting potential to incorporate signals found in the vascular niche into
synthetic microenvironments. However, even as more molecular players are identified, it is
conceivable that combinations of peptide- or protein-functionalized biomaterials, soluble
morphogens (or gradients thereof), or physical cues may not fully reproduce the perivascular
interface between adult stem cells and the vasculature. Instead, the anatomic structure of an
intact blood vessel may be an essential and instructive part of the niche.

In this review, | will summarize key papers in the literature that have identified the
perivascular space as an important niche component of NSCs, MSCs, and HSCs,
highlighting the status of these populations for clinical use. Recent evidence that dormant
tumor cells with stem cell-like properties reside in instructive perivascular niches will also
be described, followed by a section highlighting some of the known molecular regulators
within the perivascular niche. | will also discuss strategies to recreate the perivascular niche
invitro and in vivo, and the potential to use biomaterials to mimic key aspects of the niche
both for fundamental discovery and therapeutics. Finally, the review will close with a brief
summary of the implications of perivascular niches and opportunities for future directions.

The Perivascular Niche of Neural Stem Cells

As their name implies, NSCs are a population of progenitor cells present in the central
nervous system that give rise to neurons, astrocytes, and oligodendrocytes.20-21 The
discovery of NSCs is typically attributed to a 1989 paper by Temple, who isolated dividing
cells from embryonic day 13.5-14.5 rat forebrains and demonstrated that these cells can
differentiate into other clonal types.?2 Over the past 20 years, critical studies have
demonstrated that NSCs generate neurons throughout life (at least in mice) in the forebrain
subventricular zone (SVZ) and the hippocampal dentate gyrus, giving rise to subpopulations
of transit-amplifying cells and neuroblasts.?1:23 These cells are of high interest to both the
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neurobiology and regenerative medicine communities: to the former because of the
fundamental organogenesis questions associated with neurodevelopmental and
neurodegenerative diseases, and to the latter because of the potential to use these cells to
cure CNS disorders like amyotrophic lateral sclerosis (ALS), Alzheimer’s disease, and
Parkinson’s disease. NSCs are the focus of several ongoing human clinical trials, the first of
which is for patients with ALS (see ClinicalTrials.gov). Phase 1 of this trial began in 2011,
and the company (Neuralstem, Inc.) behind the new therapy recently began recruiting
patients for Phase 2; a total of 29 patients have been treated in the trial so far. Neuralstem
recently launched a new trial for the use of NSCs to treat patients with spinal cord injuries as
well. StemCells, Inc., another company focused on NSC-based therapies, has injected their
cells in human patients in both Europe and Canada, with the goal of remyelinating axons
damaged by injury or disease (i.e., functioning as oligodendrocytes). Another ongoing
clinical trial is focused on the use of NSCs in the treatment of patients who have suffered
ischemic strokes. Fetal tissue is the source of the human NSCs for these clinical trials.

The location of neurogenesis in the adult mammalian hippocampus was first identified as an
anatomically contiguous co-association of newly generated neurons with ECs.24 Studies in
other model systems demonstrated that angiogenesis and neurogenesis are spatially and
temporally linked.2> Subsequent efforts used an in vitro co-culture system to examine
soluble factor cross-talk between ECs and NSCs, and demonstrated that EC-derived cues are
able to stimulate NSC self-renewal and enhance their abilities to differentiate into neurons.1®
However, perhaps the most compelling evidence that NSCs occupy a perivascular niche in
vivo appeared in two papers published in 2008,16:17 both of which performed careful and
comprehensive histological analyses of whole mount and sectioned mouse forebrains.
Tavazoie, et al. demonstrated that the NSCs and their closely related progeny are tightly
apposed to the blood vessels in the SVZ, with the transit-amplifying progeny (the so-called
C cells) often contacting the vasculature directly at sites where the blood-brain barrier is
incomplete (i.e., in regions with sparse astrocyte and pericyte coverage).1’ Shen, et al.
similarly showed that NSCs and their progeny in the SVZ of mouse forebrains are closely
associated with an extensive vascular plexus, and further revealed that a specific integrin-
laminin interaction (discussed further below) is essential for the localization of the
progenitor cells with the vasculature.1® Collectively, these studies have led to a fairly
detailed conceptual view of the perivascular niche for NSCs (Fig. 1).

Recent studies have revealed that the perivascular niche of NSCs, and the identity of NSCs
themselves, is more complex. In particular, Codega, et al. identified two distinct populations
of NSCs within the SVZ, one that is quiescent and one that is activated.2® The quiescent
NSCs were determined to be GFAP+, CD133+, and Nestin-, whereas the activated NSCs
upregulate Nestin and the epidermal growth factor receptor (EGFR). Further screening of
the transcriptomes of these two populations of NSCs showed that sphingosine-1-phosphate
(S1P) and prostaglandin D2 (PGD2) could inhibit the activation of the quiescent NSCs. Both
of these molecules are found in cerebrospinal fluid, but may also be circulating within the
vasculature. Thus, whether the vasculature instructively contributes to the quiescence of
NSCs remains to be seen.
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The Perivascular Niche of Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) are a population of adult tissue-derived adherent cells that
were first discovered in the bone marrow of the iliac crest by Friedenstein, et al.27-28 These
cells were initially identified based on their ability to form clonal adherent colonies of
fibroblastic cells (“colony forming unit-fibroblast™), and later shown to possess the capacity
to differentiate into bone, cartilage, and fat.2° This latter capability is why they were initially
dubbed “stem” cells.3% According to the Mesenchymal and Tissue Stem Cell Committee of
the International Society for Cellular Therapy (ISCT), the criteria which define MSCs
include: plastic adherence following plating in 2D culture; expression of CD73, CD90,
CD105, and the absence of CD45, CD14, CD19, CD34; and differentiation toward
osteogenic, adipogenic, and chondrogenic phenotypes.

MSCs from bone marrow are already the focus of numerous human clinical trials,31-32 and
have shown enormous promise in preclinical studies to facilitate bone regeneration,33
promote tissue neovascularization,34-36 and reduce inflammation.3” There was a great deal
of initial optimism that MSCs could differentiate into a wider variety of functional cell types
(e.g., cardiac myocytes, neurons, ECs, etc.); however, after nearly 20 years of research, it is
now clear that much of their therapeutic benefit occurs via trophic effects, i.e. through the
secretion of numerous growth factors.3” There is widespread consensus that MSC trophic
factors enhance angiogenesis and suppress inflammation, and as a result, many papers in the
literature now refer to them as mesenchymal stromal cells, marrow stromal cells, or (more
recently) “medicinal signaling cells”.30

It has more recently been demonstrated that MSCs can be isolated from other tissues,
including fat, muscle, and numerous periodontal tissues.38-45 Though these sources of
MSCs are all very different anatomically, a common microenvironmental feature is the high
degree of vascularity. In a landmark paper, Crisan, et al. identified MSCs in multiple human
organs and tissues in vivo, including bone marrow, skeletal muscle, pancreas, placenta,
white adipose tissue, and others (Fig. 2). In each of these tissues, MSCs reside next to
capillaries larger than 10 um in diameter and arterioles ranging from 10-100 pum in
diameter.46 The conserved anatomic location led to the hypotheses that all MSCs are
pericytes,4” and their proximity to the vasculature enables them to readily mobilize and
travel in the bloodstream to sites of injury.48 Consistent with these concepts, MSCs home to
sites of stroke?® and cancer,?0 and produce paracrine effectors.?! On the other hand, there is
also evidence suggesting that the pericytic phenotype and function is not inherent to all
MSCs.52 Nonetheless, based upon the location of MSCs in the perivascular niche and the
evidence of their interactions with ECs, it is reasonable to hypothesize that the perivascular
niche is instructive for MSC fate.

The Perivascular Niche of Hematopoietic Stem Cells

Hematopoietic stem cells (HSCs) are the self-renewing, multipotent progenitors that give
rise to all mature blood cells. This multilineage potential is the underlying basis of bone

marrow transplantation procedures, typically used to reconstitute the immune systems of
patients with cancers of the blood or bone marrow (e.g., leukemia or multiple myeloma).
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The first bone marrow transplantation was performed in the late 1950s, and now tens of
thousands of these procedures are done annually throughout the world. During embryonic
development, the appearance of HSCs coincides with the appearance of blood vessels, both
spatially and temporally, and then these cells establish hematopoiesis in the placenta, fetal
liver, and spleen. HSCs primarily reside in the bone marrow in adult mammals, which
becomes the major site of adult hematopoiesis.1®

The niche of HSCs in adult mammals is perhaps the most widely studied of the adult stem
cell niches, in part because of the fact that the existence of HSCs was first proposed more
than 50 years ago to explain how bone marrow transplants could rescue mice that had
received lethal doses of radiation.>3 Many studies of the HSC niche have focused on the
bone marrow endosteum, particularly the roles of osteoprogenitors and osteoblasts.}® Two
studies in particular from 2003 showed that increasing the number of osteoblasts and the
amount of trabecular bone in mouse models led to increased numbers of HSCs.24%°
However, bone is highly vascularized, and the marrow cavity contains vascular sinusoids
that may also play critical roles in the regulation of HSC fate (Fig. 3).

The first evidence supporting an instructive role for the vasculature came from a study that
used co-cultures of bone marrow sinusoidal ECs with human HSCs, demonstrating
prolonged maintenance of the HSCs in culture.56:57 Kiel, et al. identified a combination of
signaling lymphocyte activation molecule (SLAM) receptors that could prospectively
identify the locations of HSCs in tissue sections, and then used these markers to demonstrate
that the majority of HSCs were associated with sinusoidal endothelium in spleen and bone
marrow.%® This was a particularly important finding given the significant debate about
whether the HSC niche was perivascular or endosteal.19 Consistent with a role for ECs in
the HSC niche, another study showed that functional sinusoidal ECs in the bone marrow
were essential for recovery of hematopoiesis after severe myelosuppression.5® Several other
studies also support an instructive role for the vasculature in the bone marrow,%0-63 and have
identified candidate factors secreted by ECs that may regulate HSC self-renewal (discussed
further below).

Nevertheless, given the many different cell types, adhesive surfaces, architectural features,
and even mechanical properties present within the HSC niche, it seems likely that ECs are
just one of many features that influence HSC fate. Other candidates include CD169+
macrophages® and, perhaps somewhat unexpectedly, sympathetic neurons that innervate
the bone marrow.5® The latter discovery offers a potential explanation for the chemotherapy-
induced sensory neuropathy and hematopoietic dysfunction.

Perivascular Niche in Cancer

The angiogenic hypothesis, originally posed by Folkman, refers to the idea that tumor cells
recruit host vasculature in order to enable a tumor to grow beyond the diffusion limit.56 This
hypothesis has fueled extensive research over the past 30 years to better understand the
signals used by tumor cells to recruit host vessels. Many new therapies target this aspect of
cancer with the idea that inhibiting this process can starve a growing tumor and thereby
potentially kill or at least prevent its further growth. However, as in the field of stem cell
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biology, the vasculature is increasingly viewed as an instructive niche for cancer cells,
serving an important role beyond the delivery of oxygen and nutrients. One study in
particular demonstrated that vessels within the brain provide a niche for self-renewing brain
tumor cells with stem cell-like properties.5” Increasing the number of ECs or blood vessels
in brain tumor xenografts expanded the number of these self-renewing and tumor initiating
cells, while depleting them had the opposite effect and arrested tumor growth. In contrast to
the restricted location of NSCs in the hippocampus and SVZ, the authors found that the
brain tumor stem cells and associated vasculature were widely distributed throughout tumors
and the brain.57

Other recent studies revealed that ECs directly influence cancer progression in unexpected
ways inconsistent with the traditional tumor angiogenesis paradigm. For example, Franses,
et al. demonstrated that soluble secretions from quiescent ECs can mute the proliferative and
invasive phenotype of lung and breast cancer cells both in vitro and in vivo. In addition,
delivery of ECs in a scaffold adjacent to established xenograft tumors in mice actually
suppressed growth of the tumors.58 This study suggests that ECs (and the factors they
secrete) may actually suppress the growth of primary tumors.

In another study, Ghajar, et al. showed that the perivascular niche provides a sort of “safe
haven” for dormant disseminated breast cancer cells and controls the growth of secondary
metastases.®? In this study using two different model organisms (mouse and zebrafish), the
authors found dormant breast cancer cells on or near microvasculature in the lungs and/or
bone marrow in vivo (Fig. 4). Using organotypic culture models composed of tissue-specific
human microvascular networks, they then showed that stable microvasculature provided
suppressive signals (specifically, thrombospondin-1) to maintain the tumor cells in their
dormant state, whereas angiogenic vasculature (with sprouting endothelial tips) not only
released the constraints that maintained dormancy but in fact accelerated cancer cell growth
to form micrometastases. Sprouting EC-derived TGF-B1 and periostin were found to
promote the growth of the dormant DTCs.89 Other studies have also focused on the
instructive role of ECs in the growth and spread of cancer cells,’%71 an important topic
reviewed at length elsewhere.”? In the context of this review, the important point is that the
perivascular niche is a critical regulator of both normal growth (i.e., for stem cells) and
pathological growth (i.e., tumors).

Regulation within the Perivascular Niche

The evidence reviewed thus far strongly suggests that the perivascular niche is the conserved
anatomic location of many adult stem cell populations. However, the essential biomolecular
and biophysical features of this niche, and the mechanisms by which they regulate stem cell
self-renewal and differentiation, remain incompletely defined. It is critical to better define
these essential features and mechanisms in order to engineer artificial stem cell niches using
biomaterials and culture systems.

ECs secrete a wide range of important soluble proteins (collectively referred to as angiocrine
factors), which have been implicated in the regulation of progenitor cells and tumor cells.”2
Amongst these, nitric oxide (NO)73:74 and pigment epithelium-derived factor (PEDF)7>.76
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have been identified as important cues that regulate NSC self-renewal in the perivascular
niche. Brain-derived neurotrophic factor (BDNF) from ECs also plays an important role in
the NSC niche, as demonstrated by the finding that ECs co-cultured with explants of the
adult SVZ from rats enhance neurogenesis via the release of BDNF.”” However, proper
spatial and temporal regulation of BDNF is especially critical for neuronal differentiation, as
its target appears to be the transit-amplifying progeny of NSCs rather than the NSCs
themselves.21

Several other EC-derived cytokines have also been implicated in the perivascular niche,
including I1L-1, IL-3, IL-6, GCSF, and GM-CSF.”2 In many cases, roles for these factors
were first hypothesized based on known interactions of cancerous cells (i.e., leukemic cells)
with the vasculature in the bone marrow. SDF1/CXCL12 was also recently demonstrated to
be involved in triggering the migration of CXCR4-expressing neuroblasts from the
subependymal region of the SVZ towards the microvasculature.’® Bone morphogenetic
proteins secreted by ECs also regulate both NSCs’® and MSCs.&0 Stem cell factor (SCF,
also known as the c-Kit ligand) produced by ECs and other perivascular cells has been
shown to maintain HSCs; when the gene encoding for SCF was deleted from ECs or a
fraction of perivascular stromal cells in conditional knock-out mice, HSCs were depleted
from the bone marrow.6?

Adding to the complexity, insoluble cues in the form of cell-cell and cell-ECM interactions
have also been implicated as instructive factors within the perivascular niche. Notch
signaling pathways (cell-cell) in particular are important in the maintenance of both NSCs
and HSCs, and ligands for these receptors (including DII4 and Jagged) are expressed by
ECs21.60.72.81 prior studies have shown that disruptions in Notch signaling impair the
maintenance of HSCs both in vitro and in vivo,>*82 and it is plausible the ECs within the
perivascular niche may be the predominant source of the Notch ligands. Another recent
study demonstrated that E-selectin expression by sinusoidal ECs in the bone marrow
regulates HSC dormancy (quiescence), self-renewal, and resistance to chemotherapies, and
likely plays an important role in the homing of circulating HSCs to the bone marrow (Fig.
3).83 Although the reciprocal ligand expressed by the HSCs was not identified, the study
noted the levels of E-selectin expression were markedly higher in sinusoids closer to the
endosteal interface compared to the center of the bone marrow.

In the perivascular niches of both NSCs and MSCs, there is evidence that laminin deposited
in the vascular basement membrane is an important instructive cue as well. Shen, et al.
showed that neural progenitors in the adult SVZ express the laminin receptor a6p1 integrin,
and blocking this receptor alters their location in the perivascular niche and their
proliferation in vivo.1 Similarly, a study from my laboratory showed that MSCs also
express a6pl integrin, and reduced expression of this integrin via RNA interference
disrupted their association with laminin in an in vitro model of the perivascular niche and
altered their ability to enhance angiogenic sprouting (Fig. 5).84

Collectively, the papers cited here underscore the rapidly growing list of both soluble and
insoluble angiocrine factors, and suggest that the mechanisms by which the perivascular
niche regulates cell fate are complex and multivariate. However, the molecular genetic bias
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of the field of stem cell biology is reflected in this growing list of candidate molecules,
while the possibility for biophysical control of cell fate within the perivascular niche
remains largely ignored. Shear stress is a well-known modulator of EC physiology, and it is
probable that blood flow can modulate the production of angiocrine factors by the ECs, even
though blood flow rates in the capillary beds are slow compared to those in the arterioles
and larger arteries.8> Example EC-secreted factors upregulated by shear stress include
interleukin-1a (IL-1a), IL-8, and platelet derived growth factor (PDGF).86.87 ECs also
upregulate their expression of numerous adhesion molecules and other receptors when
exposed to shear stress,88 including the S1P receptor.89 Likewise, there is evidence that the
intrinsic properties of the ECM regulate MSC fate decisions* and HSC self-renewal® via
processes that involve the ability of non-muscle myosin 11 to generate forces.%? Thus,
despite differences in the elastic moduli (soft vs. hard) of the resulting tissues (brain vs.
bone) that arise from different adult stem cell populations, the intrinsic mechanical
properties of the vascular basement membrane within the conserved perivascular niche may
in fact represent a common instructive signal that regulates self-renewal; this feature of the
niche has yet to be examined critically. The contributions from other mechanical inputs
within the niche (e.g., interstitial flow, applied loads, and forces from other cells) also need
to be assessed as they too may have important roles.

Recreating the Vascular Niche In Vitro and In Vivo

There are many different strategies to dissect the perivascular niche and its abilities to
regulate adult stem cell populations. Most insights have come from the use of model
organisms, particularly rodent models, although there is increasing analysis of human tissue
sections too. Studies examining endogenous niches in wild type and transgenic mice have
relied on combinations of markers to distinguish stem cells from the vasculature and other
stromal cell types.16-18 \vascularized tumor xenograft models have also been used to
investigate the perivascular interactions of tumor stem cells.5” In the case of HSCs,
conditional knock-out and transgenic mice have been used to explore the roles of specific
angiocrine factors that maintain HSCs in vivo.59-62 On the other hand, a number of
important insights regarding the perivascular niche of NSCs have come from studies
examining the vocal control region of the forebrains of adult songbirds.21:25:92

The use of animal models is essential to better understand the critical instructive cues
provided to MSCs, HSCs, and NSCs in their perivascular niche. However, animal models
are not without their limitations, including the relatively high cost of generating and
maintaining new colonies of transgenic animals and the possibility that subtle differences in
human anatomy may complicate interpretations. As a complement to animal models, there is
increased interest in applying tissue engineering principles to create appropriate model
systems to study the regulation of stem cells in their perivascular niche. In the case of
hematopoiesis specifically, tissue engineering approaches have been pursued for the past
two decades in an effort to reconstitute hematopoiesis ex vivo.3 Simple in vitro models
include co-cultures, for example of ECs with stem cells.1>60, More physiologically relevant
co-cultures involve the formation of ECs in networks of microvasculature. There are now
dozens of different in vitro models of vascularization,?-190 most of which have been
employed to better understand the cues that drive angiogenic sprouting in both normal and
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tumorigenic models and have only more recently been explored as in vitro recreations of the
perivascular niche.69:101.102 Many of these model systems are 3D co-cultures, in which ECs
and other cell types are embedded within a natural protein-based ECM (i.e., collagen-I,
fibrin, etc.) or a synthetic ECM analog (i.e., PEG193). In the model systems we employ in
my laboratory, the microvasculature that forms contains hollow lumens with appropriate EC
basolateral polarity and a collagen IV- and laminin 111-rich basement membrane.104.105
Similar model systems with the capability to perfuse the lumens, thereby mimicking blood
flow, have also been described.?4:95.97.106 Although much more complex than simple 2D co-
cultures, these types of 3D multicellular in vitro models with anatomically correct
microvasculature have the potential to yield new insights regarding the regulation of the
perivascular stem cell niche in development, regeneration, and disease.

There are also a number of in vivo engineered tissue models potentially amenable to
recreating and studying the perivascular niche in ectopic locations. One such model involves
scaffold-based delivery of MSCs, which then recruit host vasculature and form new bone,
and also recruit host HSCs, which occupy a functional marrow cavity and reconstitute
hematopoiesis.107-109 Another model involves co-delivery of ECs (or endothelial
progenitors) with MSCs (or some other multipotent stromal cell type) within a hydrogel
precursor solution, which gels in situ entrapping the delivered cells and providing a suitable
environment for vasculogenesis.110-115 A variation of this approach involves forming a pre-
vascularized tissue construct in vitro first, followed by subsequent implantation into an
animal where the pre-formed vessels can rapidly inosculate with host vessels.116.117
Although these model systems have not been fully exploited for the purposes of recreating
the perivascular niche, they offer a potentially powerful tool to systematically investigate
how niche-specific cues regulate stem cell self-renewal and lineage specification and
thereby complement the use of transgenic mice.

Finally, combining advances in biomaterials science with increased knowledge of the
signals present within the perivascular niche provides an opportunity to create artificial stem
cell niches that can direct cell fate in vivo. An example of this approach was recently
described by Conway and Schaffer.118 In this study, recombinant versions of two known
neurogenic signals (Sonic hedgehog and ephrin-B2) were conjugated to 800 kDa hyaluorinic
acid to create multivalent, highly active ligands that mimic signals founds in native
neurogenic niches. Delivery of these materials into non-neurogenic regions of the brain
yielded the formation of new neurons, and partially rescued the neurogenic potential of
geriatric rodent brains towards the levels of young animals. Co-delivery of a stromal cell-
derived factor-1a with the multivalent biomaterial ligands further increased neurogenesis to
levels that may be therapeutic. This approach offers the potential to replace neurons lost due
to degenerative diseases or injuries without the need for cell transplantation, an exciting
possibility for the field of regenerative medicine. In addition, as new factors that influence
cell fate fate decisions (including those from the perivascular niche) are identified, they
could be similarly conjugated to polymers and used to stimulate developmental programs
and tissue regeneration.
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Implications and Future Directions

From the discussion of key papers presented here in this review, it is clear that the
perivascular niche provides important instructive cues that regulate stem cell self-renewal
and multi-lineage specification. Understanding the precise spatial and temporal presentation
of these cues is a significant challenge that will require substantial time, effort, and
resources, and the use of new tools and innovative strategies. However, the potential payoff
of such an improved and mechanistic understanding is also impressive, and there are far-
reaching implications for investigators working in the fields of biomaterials and regenerative
medicine. For example, key angiocrine soluble cues will undoubtedly continue to be
identified from studies of endogenous and recreated perivascular niches, along with
insoluble and perhaps physical cues intrinsic to the perivascular microenvironment.
Biomaterial platforms capable of controlled release of multiple factors with distinct
kinetics119 may play key roles in better defining niche-specific stem cell regulation, and be
applied to exploit findings for therapeutic applications in regenerative medicine. As
highlighted in the previous section, tissue engineering strategies that recreate the
perivascular niche both in vitro and in vivo have already lead to improved understanding,
and will undoubtedly continue to provide new fundamental insights.

Blank slate biomaterials that present inert backgrounds to cells and can be covalently
functionalized to present niche-specific adhesive cues (e.g., PEG-based hydrogels) will also
be essential tools to effectively recapitulate features of the perivascular niche.11120 Sych
materials are already leading to new insights regarding the instructive roles of stem cell
niches, both for adult stem cells'2! and embryonic stem cells.122 Furthermore, because the
number of potential adhesive signals is so large, combinatorial biomaterial approaches have
been developed to examine hundreds and perhaps thousands of different ligands and/or
combinations for their potential to control the fate of clonal populations of stem cells.121.123
Incorporating diffusible gradients of soluble morphogens via microfluidic networks into
engineered microenvironments is another important approach.124 Material platforms that
allow the decoupling of multiple instructive signals in order to pinpoint the roles of each one
individually would undoubtedly be useful tools in these efforts as well, but it is clear that
this remains a challenge as materials once considered “bulletproof” with respect to this
decoupling have recently been questioned.12> When cells are entrapped in 3D materials, the
coupling of adhesive, mechanical, and diffusive signals becomes potentially even more
complex.128 Nevertheless, | firmly believe that the bioengineering community will play a
significant role in dissecting the multiple instructive cues present within perivascular niches,
and develop tools and approaches to enable these cues to be exploited for therapeutic
purposes.
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Figure 1. Perivascular Niche of Neural Stem Cells
This cartoon illustrates the architecture of the perivascular niche of NSCs in the adult

mammalian subventricular zone. It shows the relationships between the NSCs (the so called
“B” cells) and their progeny, the transit-amplifying “C” cells and neuroblastic “A” cells. The
schematic demonstrates the proximity of the NSC population to the vasculature, and also
highlights several candidate soluble and insoluble interactions. Reprinted by permission
from Macmillan Publishers Ltd: Nature Neuroscience?! copyright 2011.
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Figure 2. Perivascular Niche of Mesenchymal Stem Cellsin Human Tissues
Human tissue sections from a wide range of organs were indirectly immunostained with

antibodies to mural (CD146, PDGF-RB, NG2, and a-SMA) and endothelial cell markers
(CD34, CD144, vWF, and UEA-1). (A) Myocardium: a capillary endothelial cell in
transverse section marked by CD34 expression (green) is closely surrounded by a CD146+
pericyte (red) (x900). (B) Skeletal muscle: small vessel transverse section; CD146+
perivascular cells (green) surround CD34+ endothelial cells (red) (x400). (C) Placental
villus: arterioles (A), venules (V), and capillaries (C) are all lined with CD34+ endothelial
cells (green) surrounded by CD146+ perivascular cells (x100). (D) Skeletal muscle: small
vessel longitudinal section; PDGF-Rp-positive perivascular cells (red; red arrows) surround
vWF+ endothelial cells (green; green arrows) (x400). (E) Fetal pancreas: small vessel
longitudinal section; NG2-positive perivascular cells (green; green arrows) surround
CD144+ endothelial cells (red; red arrows) (x400). (F) Transverse and longitudinal sections
of placental small blood vessels. Endothelial cells marked by the Ulex europaeus lectin (red)
are surrounded by perivascular cells expressing a-SMA (green) (x400). Crisan, et al.
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demonstrated that these perivascular cells were MSCs with multi-lineage potential. Adapted
from Cell Sem Cell (Crisan, et al.18) with permission from Elsevier.
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Figure 3. Perivascular Niche of Mesenchymal and Hematopoietic Stem Cells
In the bone marrow, both MSCs and HSCs reside in the perivascular niche. The endothelial

sinusoid is surrounded by MSCs identified as pericytes and a stromal subpopulation that can
be further identified by their expression of nestin and/or leptin receptors. CAR cells are
MSCs characterized by high expression of the chemokine CXCL12, a chemoattractant for
CXCR4-expressing HSCs. Sympathetic neural fibers also connect with the niche and may
provide negative proliferative signals. E-selectin is expressed exclusively on the endothelial
cells of the niche and can bind HSCs expressing an appropriate ligand. ESC-1 is shown here
as a candidate ligand, the binding of which to E-selectin is required for circulating HSCs to
attach and roll on the sinusoidal endothelium before their firm attachment and egress. The
attachment to E-selectin—expressing endothelium induces HSC proliferation, self-renewal
and chemo- and radiosensitivity. HSCs also reside close to the bone endosteal surface (a
more hypoxic environment) and may receive instructive cues from osteoblasts and
osteoprogenitors. Reprinted by permission from Macmillan Publishers Ltd: Nature
Medicinel?” copyright 2012.

Biomater Sci. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Putnam

Page 21

Bone marrow

Figure 4. Dormant breast cancer cellsresidein a perivascular niche following dissemination
from the primary tumor
In an in vivo model of tumor cell dormancy, a weakly metastatic breast cancer cell line

(T4-2, green) disseminated from the primary tumor and localized to perivascular niches
(marked by CD31, red) in the (A) lungs, (B) bone marrow, and (C) brain. The cells are
dormant as shown by the absence of the proliferation marker, Ki67. (D) In an organotypic in
vitro model of the bone marrow microvasculature, the T4-2 cells remained dormant (Ki67
negative, denoted with white asterisks) when localized next to stable vasculature (further
examples in panels ii —iv.), but were induced to a highly proliferative state when localized
next to neovascular tips (denoted by T). These proliferative clusters have the potential to
become new metastatic lesions. DNA was labeled with Hoechst 33342 (blue). Adapted by
permission from Macmillan Publishers Ltd: Nature Cell Biology®® copyright 2013.
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Figure 5. An Important Integrin-Mediated Interaction in the Perivascular Niche
This cartoon illustrates the interaction of MSCs via their agh; integrin receptor with laminin

in the vascular basement membrane. Disruption of this interaction blocks recruitment of
MSCs to the perivascular niche and disrupts their ability to stimulate angiogenic sprouting
by the ECs. Similar findings have been reported for NSCs in their perivascular niche.16
Adapted from Experimental Cell Research (Carrion, et al.84) with permission from Elsevier.
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