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Abstract

Within the adult central nervous system (CNS) of most mammals resides a resident
stem cell population, known as neural stem cells (NSCs). NSCs are located within
specific niches of the CNS and maintain a self-renewal and proliferative capacity to
generate new neurons, astrocytes, and oligodendrocytes throughout adulthood. The
NSC niches are dynamic and active environments that are within proximity to the
systemic circulation and the cerebrospinal fluid (CSF). Therefore, NSCs respond not
only to factors present in the local microenvironment of the niche but also to factors
present in the systemic macroenvironment. The factors c.*i be soluble forms such as
cytokines and chemokines located in the circulation or aire<tiy from local cells, such
as microglia and astrocytes. Additionally, recent evide.icc points towards physiological
aging and its association with a progressive loss ¢: function and a decline in the self-
renewal and regenerative capacities of CNS NE*’s, \/hich can be further exacerbated

by changes in the local and systemic milieu.

This review will highlight the main intri-'sic and extrinsic regulators of neural stem
cell function under homeostatic and i: fla’amatory conditions including those trafficked
within extracellular membrane ve-icles. rurther, discussion will center around how
intrinsic and extrinsic factors impect normal homeostatic functions within the adult

brain and in aging.
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1. Introduction

Neural stem cells (NSCs), which are the resident stem cell population of the central
nervous system (CNS), are capable of differentiating into neurons, astrocytes, and
oligodendrocytes and reside in specialized niches in the developing and adult
mammalian brain. Niches are defined as zones in which stem cells are retained even
after embryonic development for the production of new cells during an organisms
lifetime (1). Therefore, NSC niches support their self-renewal and differentiation
throughout life (2). Three different regions of the mammalian brain possess a NSC
niche: the subgranular zone (SGZ) in the hippocamp.! dentate gyrus (DG), the
subventricular zone (SVZ) near the lateral ventricles, <nd a third niche in the
hypothalamus (2-5). Within the distinct niches exists a \>cal microenvironment of not
only NSCs but also neurons, glial cells (such as microglia, astrocytes and
oligodendrocytes), immune cells, and blood vesel;, which we will define as niche
constituents. Signaling and communication with.n the niche microenvironment can be
thought of as a feedback interaction system w~terein NSCs, their progeny, and other
cells dynamically interact with eacr. oher via numerous secreted and contact-
mediated signals (6, 7). These NSC secv-eted molecules, factors, and components is
defined as the secretome, and *thew precise contribution is only beginning to be

understood.

The majority of studies v.hich have established our understanding of mammalian
NSC niches and their behaw .rs have been primarily in rodent model systems. Here,
NSCs are found to exst throughout adulthood, where they are capable of
neurogenesis and cell vycling (8). On the one hand, in humans, the presence of bona
fide brain stem cell niches, which have the capability to differentiate into neurons, has
been subject to debate. Recent work, has found that adult hippocampal neurogenesis
is possible in aging as well as neurodegenerative diseases (9). On the other hand,
transcriptomic analysis using single cell sequencing technology found no
transcriptomic evidence of adult hippocampal neurogenesis (10). These discrepancies
may be due to differences in techologies and markers used for early neurons.
Nonetheless, there is still evidence in support of the presence of stem cells in niches
of the adult human brain (11-13).



NSC behavior is tightly regulated by changes within the niches where they reside,
which includes maintenance of quiescence, activation of replication capacity, and
differentiation when needed. Alterations to NSC function occur mainly through the
uptake and release of soluble factors (i.e., cytokines, extracellular matrix molecules,
growth factors, or neurotrophins) that are present in the microenvironment. The
majority of the soluble factors derive from the niche constitutents (i.e. neurons and
glial cells) and act in an autocrine and paracrine manner to maintain homeostatic
function under non-diseased conditions (14). Thus, the functions of NSCs such as self-
renewal, activation, or differentiation relies on the finely tuned signaling between
resident niche cells (14). However, emerging evidence :as indicated widespread
dysfunction occurs within NSC niches in neuroinflamm.atio, neurological diseases,
and physiological aging (15-17). The increased presence of peripherally activated
immune cells, changes in the soluble content of th= v rstemic milieu, and activation of
CNS resident microglia all contribute to this dysiu~ction (18-20). Therefore, studying
the bidirectional crosstalk between NSCs e.d their niche constituents is key to
furthering our understanding of the signa:ng properties of NSCs in brain physiology,

aging, and neuroinflammation in whict M.SC function is altered (14).

In this review we will first highligh. how local soluble factors released within the NSC
secretome are critical regulators 2" rniche function under physiologic conditions. Then
we will discuss how extrinsic soluole factors present in the niche microenvironment
and systemic milieu during ne.'roinflammation and aging alter and disrupt the function
of NSCs within the niche~ Understanding how soluble factors (and their cellular
sources) impact N~ w.»ncdon will provide greater insight into the present challenges
of promoting regenerat’on and rejuvenation of the damaged and aged CNS.

2. Extrinsic regulators of NSC function in

neuroinflammation

a. NSC secretome in normal physiology

Under physiological conditions brain NSCs are largely quiescent, maintaining a low
metabolic rate, and slowly undergo self-renewal coupled with a very long cell cycle

(21). The activity state of NSCs (quiescence, self-renewal, amplification, or



differentiation) is influenced by a complex machinery that regulates their biology and
is comprised of both soluble intrinsic and extrinsic factors (22). The diverse molecular
repertoire (i.e., cell surface receptors) of NSCs allows them to sense the array of
soluble mediators present within the niches. This results in complex and bidrectional
signalling to regulate the behavior of neighboring cells of the NSC niches under both
physiological and pathological conditions (23). Through the use of single cell
transcriptomics using mice it has now been revealed that there are a multitude of NSC
states that exist under homeostasis (24). This includes quiescent, activated, and
primed NSCs, which can transition between these states based on intrinsic and
extrinsic signals (25). Of those, notch is perhaps the most n."nortant and most studied
intrinsic cue that regulates NSC quiescence. Notch ligends from the delta or jagged
families are expressed by activated NSCs and interm.iat : progenitor cells in the stem
cell niches (26, 27). Through these ligands, cells i t1,.» NSC lineage provide feedback
signals that are essential to prevent further activaucr. of the quiescent NSC population.
This feedback loop regulates and mitigates ce.iullar exhaustion of the stem cell niche.
Moreover, notch signaling has been shc'vn 10 lie at the crossroad of intrinsic and
extrinsic signalling in the stem cell niche in drosophilia. Here, it was shown that notch
signaling regulates quiescence vic. coordination of the intrinsic temporal programs of
NSCs based on the presence ot ovtrinsic nutrient cues (28). Under homeostatic
conditions NSCs maintain a gule.~ent state in order to not overproliferate and exhaust
their population (29). Howe. =r, yuiescent NSCs are more inert to proliferative cues,
which may make it difficu't for them to become activated upon injury (25). Importantly,
a subset of cells terme d ‘p imed for activation NSCs’ has been identified in the neural
stem cell niches. The p.imed state defines a subpopulation of slow-cycling NSCs with
a distinctive intermediary molecular signature to the quiescent and activated states.
Behaviorally, in contrast to activated NSCs, primed NSCs only exhibit a transient
reversible activation without neurogenic production. This intermediary state allows for
a fine tuning between activation and return to quiescence, in response to extrinsic

signals such as tissue injury (25).

The main route through which the NSC secretome influences cells is via paracrine
signaling. Paracrine signaling involves the release of molecules into the extracellular
space which then act on cells locally. To date, the most studied and best characterised

property of NSCs is their constitutive production and release of specific factors termed



neurotrophins, which are known to regulate the development, maintenance, and
function of the vertebrate nervous system (30, 31). The exogenous secretome from
NSCs is comprised of neurotrophic factors with known roles in promoting neuronal
and glial maturation. These neurotrophins include human brain derived neurotrophic
factor (BDNF) (32-34), vascular endothelial growth factor (VEGF) (35-37), nerve
growth factor (NGF) (33, 37, 38), neurotrophin-3 (NT3) (39), fibroblast growth factor 8
(FGF8) (40), and glial cell line-derived neurotrophic factor (GDNF) (38).

It is important to note that our current understanding regarding the extrinsic
neurotrophic support by NSCs is primarily derived from studying the NSC secretome
in either in vitro conditions or in vivo following transplartaticn into rodent models of
neurodegenerative diseases (e.g., stroke, multiple sclern.i= MS], Parkinson’s disease
(PD), Alzheimer’'s disease (AD), and amyotroptic !'=.eral sclerosis (ALS)) (41).
Similarly, until recently much of the scientific enc'ca ‘our has focused on exploring the
influence that the stem cell niche has on NSC fu. <tion and behavior (6). This has
resulted in little insight into the reciprocal si1r.ai'ng properties of NSCs towards other

cells within the niche under homeostat’c <o ditions.

Nevertheless, newer studies have re\~aled more direct evidence of the crucial role
the NSC secretome plays in providn.2 neurotrophic support for the maintenance of
brain homeostasis under physinlo izal conditions. For example, rodent NSCs within
their niches have the capabi'ity to differentiate into new-born neurons which integrate
into the brain. Specifically, u.= ablation of NSCs in the adult mouse hippocampus leads
to impaired new-born rc.'runn maturation as a result of the loss of the NSC-secreted
factor pleiotrophin (TN, (42). It was also found that murine NSC-derived VEGF was
indispensable for inducdion of proliferation, migration, and phagocytosis of microglia in
vitro (43).

b. Brain inflammation, soluble factors, and NSC function

Brain inflammation is a complex cellular and molecular response of innate and
adaptive immune cells as a consequence of the loss of the homeostatic stuatus of the
CNS, such as occurs in disease or tissue injury. Although brain inflammation is
mediated by astrocyes, endothelial cells, and peripheral immune cells that cross the
blood brain barrier (BBB), brain resident microglia have a key role in maintaining

homeostatic function in the CNS. As a consequence of CNS disease or tissue injury,



microglia become activated and drive CNS damage via pro-inflammatory cytokines,
chemokines, nitric oxide (NO) production, and reactive oxygen species (ROS).
Persistent activation of microglia in the absence of the resolution of inflammation leads
to the continued damage of otherwise healthy, unaffected tissue over time. It is this
persistent, unresolved inflammation that is thought to have a central role in numerous
neurodegenerative conditions of the CNS such as AD, PD, and ALS, autoimmune
diseases such as MS, and neuropsychiatric diseases such as major depression
disorder (44).

The first reports describing the effects of inflammation on NSC function
demonstrated that lipopolysaccharide (LPS) treated ricicglia led to diminished
neurogenesis in the SGZ (45, 46), and that inhibition of tho niicroglial response to LPS
led to a restoration of neurogenesis in the inflamel cv=.n (46, 47). It has also been
found that the proliferation potential of NSCs .= disrupted under inflammatory
conditions. In the rodent model of MS, experim2n.2l autoimmune encephalomyelitis
(EAE), NSC proliferation significantly increxces during the acute phase of EAE and
then decreases during the chronic pha<c (13). This was supported by in vitro evidence
of induction of quiescence by the the o :ll-cycle inhibitor p21 in murine NSCs treated
with a cytokine cocktail (interferon yomma [IFN-y], interleukin 1 beta [IL1f], and tumor
necrosis factor alpha [TNF-a]) thet ninics the presence and release of these cytokines
by T helper cells in EAE in vive (1b). The migratory potential of NSCs is also disrupted
in EAE owing to the percisicnt inflammation present in the chronic phase of the
disease. Here, within netnco2nic niches the migration of NSCs toward an established
anatomical locatior., sc~h as the olfactory bulb, is disrupted due to the release of
chemoattractants from mmune cells that creates new migratory paths for NSCs (16).

Brain inflammation can also affect the differentiation potential of NSCs (48). Primary
murine microglia stimulated with LPS inhibits neurogenesis from murine NSCs in vitro
(49), which is thought to be due to the production of pro-inflammatory cytokines (e.g.
IL-1B, interleukin 6 [IL-6], TNF-a) and NO by microglia (50-52). Indeed, pro-
inflammatory cytokines exert detrimental effects on NSCs such as decreased
proliferation and inhibiting the differentiation of NSC progenitors to neurons (Figure
1). Specifically, chronic subcutaneous administration of recombinant human IL-13 or
genetic overexpression of brain restricted human IL-1 receptor antagonist (IL-1ra) has

been shown to significantly reduce neurogenesis in the mouse DG (53, 54), whereas



TNF-a seems to play a detrimental role in neuronal survival/differentiation (47, 55).
Interestingly, peripherally induced inflammation was found to regulate NSC activation
and play an important role in supporting quiescence via TNF-a signaling (25). Primed
NSCs become activated upon TNF receptor 2 (TNFR2) binding, but return to
guiescence upon TNFR1 binding (25). This work signifies the importance of extrinsic
factors in the regulation of NSC state. NO is also capable of negatively regulating
neurogenesis. For example, a significant increase in SVZ neurogenesis was
demonstrated in mice lacking neuron-specific NO synthase (nNOS) (56) and following
small molecule inhibition of NOS activity in mice (57, 58). Moreover,
pathophysiological concentrations of NO in vitro directly ».moact NSC differentiation

whereby NSCs preferentially differentiate into astrocytex rater than neurons (59).

Activated microglia can promote neurogenesis ‘'rJer certain conditions. For
example, both neurogenesis and oligodendrogenecis are blocked by LPS-activated
primary murine microglia in vitro, however stimi:la.on with interleukin-4 (IL-4) or low
levels of IFN-y promotes neurogenesis and n'.gvdendrogenesis (49). It has also been
found that IFN-y administered directly 2 NL s in vitro enhances neuronal proliferation
and differentiation (60, 61). Additionan, transgenic mice producing sub-clinical levels
of IFN-y in the brain had increaseu NSC proliferation and differentiation in the adult
DG that was associated with 1europrotection and improved spatial cognitive
performance (62). Activated :nicruglia can also positively regulate neurogenesis by
increasing the expression ~f .~e neuroprotective mediator insulin-like growth factor 1
(IGF-1) (63). It has inde~u b:en demonstrated that microglial cells (activated in vitro
with IL-4) are able (» Lroraote neurogenesis from adult NSC via IGF-1 upregulation
(49) (Figure 1). The diff arential effects of inflammation likely depend on the phenotype
of the inflammatory cells and their overall cytokine production profile, which

dynamically affects NSC functions in the context of disease (45).
c. NSC secretome and immunomodulation

Beyond being influenced by soluble factors released from immune cells, NSCs are
also fully capable of modulating both the innate and adaptative immune systems
through the production and release of a wide array of signaling molecules (64). Soluble
factors released from murine NSCs are known to regulate T lymphocyte mediated
adaptative immune responses through the release of factors, such as the cytokines
IL-10 (65), transforming growth factor-beta 2 (TGF-B2) (66), leukemia inhibitory factor



(LIF) (67), prostaglandin E2 (PGEZ2), and NO (68) (Figure 1). Of interest, metabolic
signaling has recently emerged as a distinct mechanism by which stem cells mediate
part of their paracrine immunomodulatory functions. For instance, upon cytokine
exposure, murine NSCs have been shown to increase the secretion of extracellular

arginase-1, leading to the decreased proliferation of lymph node cells (69).

The other component of the NSC secretome that is relevant and significantly
impactful are extracellular vesicles (EVs), which include small, nanosized exosomes
up to large apoptotic bodies (70). EVs can communicate both locally on neighboring
cells within the microenvironment and globally across the crganism as a whole through
their release into the systemic circulation (71-75). U~de; normal, non-diseased
conditions, NSC-EVs are thought to contribute to rey2reration and, perhaps, in
maintaining an anti-inflammatory state (70). Most 21 *h2: EVs identified thus far are
positive for either CD63 and CD81 (76) (Figure 1). Whereas CD63 is typically
associated with the biogenesis of EVs, CD81 is kno.in to be part of the B-cell receptor
signaling pathway and MHC class I-mediate 1 ar tigen presentation. Most interestingly,
CD81 is involved in immune suppres<."n nd is a common marker when studying
immunodeficiency, and thus may be a.» active part of the NSC secretome even if the
internal contents (i.e., proteins ana MiRNASs) are not (77). Naturally, further study of
this point is required to confirm t1's ossibility, however it remains a tantalizing point

of speculation.

EVs contain a variety of L.nactive molecules (referred to as EV cargo) such as RNA,
DNA, proteins, and lirius wiat are thought to be the key components of the NSC
secretome. EVs are 1.2twal carriers of shoty non-coding RNA; microRNAs (miRNAS),
protecting their contei.. from RNA degradation and delivering their cargo to other cells
to regulate their biological processes. Out of 446 human NSC-derived siRNAs,113
were found the be localized within EVs indicating that NSCs specifically sort these
siRNA for extracellular release to regulate biological processes of recipient cells.
Specifically, five miRNAs identified within NSC-EVs were found to be the most
biologically active and abundant per current studies. These are: Homo sapiens(hsa)-
miR-1246, hsa-miR-4488, hsa-miR-4508, hsa-miR-4492, and hsa-miR-4516 (76).
Further, let-7, which is one of the first miIRNAs ever discovered, is readily detected in
NSC conditioned media and is thought to have direct immunomodulatory properties,

though there are still very few studies that have explored this relationship (78-80).



Additionally, let-7 has been shown to play a role in stem cell division and induction of

a less differentiated state, suggesting a role in the maintenance of the NSC pool (81).

Similarly, both human and murine NSC-derived EVs have been shown to harbor
functional metabolic enzymes and thus act as independent metabolic units that are
able to affect the physiology of the niche microenvironment (82). NSCs have also been
reported to display immunomodulatory functions on the innate immune system by
decreasing macrophage-mediated secondary CNS damage. Persistently activated
macrophages result from a sustained exposure to positive mediators of inflammation
(such as cytokines, chemokines, and the endotoxin LPS) Here, persistently activated
macrophages exposed to LPS accumulate the tricrabov"/ic acid cycle intermediate
metabolite succinate, which results in a sustained a2 protracted inflammatory
phenotype. To this end, findings from our lab ider:i.>d the expression of succinate
receptor 1 (SUCNRL1), the cognate receptor for succinate, on both murine and human
NSCs. When SUCNRI1-expressing murine NSCs *ere transplanted into the spinal
cord of mice during a period of active neurcir.flé. nmation in the mouse model of MS,
EAE, they actively scavenged extrac~:"ll.” succinate that had accumulated in the
tissue microenvironment. This active s «wenging via the succinate-SUCNRL signaling
axis resulted in the activation of a~ anti-inflammatory transcription program in the
transplanted NSCs that lead to .re production and secretion of PGE2 reducing the
pro-inflammatory phenotype of macrophages (83) (Figure 1). We have also
discovered that NSC-der'ved EVs contain whole mitochondria with conserved
functional properties. Wi ir this context the lateral transfer of EV encapsulated
mitochondria from Mu.'ne NSCs to pro-inflammatory macrophages modulates the
function of the latter (F'gure 1). Specifically, EV-trafficked mitochondria derived from
murine NSCs have been shown to be taken up by LPS-activated murine macrophages
and subsequently integrated into their mitochondrial network. This phenomenon
results in the metabolic reprogramming of macrophages, which dampens their
inflammatory activation (84). Injected murine NSC-derived EVs alone have also been
found to lead to a phenotypic ‘switch’ in macrophages from a pro-inflammatory to anti-
inflammatory state that leads to a subsequent decrease in the number of Th17 cells

with a comcomitant increase in Tregs (85).

In addition to their paracrine functions, murine NSCs exert important anti-

inflammatory effects on the adaptive immune system through juxtacrine signaling,



leading to reduced proliferation, decreased activation, and increased apoptosis of pro-
inflammatory T lymphocytes (86, 87). Similarly, murine NSCs have demonstrated
immunomodulatory properties through their direct engagement with infiltrating
macrophages in a mouse model of contusion spinal cord injury (SCI) (88). Specifically,
analysis of cell-to-cell interactions at the perivascular niches revealed the presence of
tight contacts between transplanted murine NSCs and macrophages via connexin 43
to instruct phagocytic macrophages and reduce secondary tissue damage (89).
Further studies investigating the NSC secretome, as well as their role in juxtacrine
signaling, and subsequent identification of novel signaling molecules such as small
metabolites, would greatly benefit our understanding ~f the anti-inflammatory
properties of NSCs (90).

The niche microenvironments where NSCs resiu™ in the brain are immensely
complex and NSC states are constantly changinc acnendent on signals, which include
secreted molecules and EVs (Figure 1). Howe'se:, even though immense progress
has been made in our understanding of the ('if’ei 2nt components of the niche and their
specific effects, further research sho'..? .~ vestigate how different niche molecules
affect the complex maintenance nd regulation of NSC function under
neuroinflammatory states. Thereforc targeting specific mechanisms that regulate the
stem cell niche under inflamma.o y conditions may help understand how cells that
interact with the niche and NI'Cs behave during states of disease. This may lead to
new treatments of neurologic.' disorders potentially leveraging NSC properties of cell

replacement and anti-infla,mriation.

3. Brain stem cells in aging

a. Altered NSC secretome with natural aging

Physiological aging is associated with a progressive loss of function and decline in the
homeostatic capabilities of NSCs. This includes a decline in their ability to undergo
neurogenesis, a decline in their cycling abilities, and significant changes to their
normal supportive secretome. In turn, changes to the NSC secretome itself with age,
which includes changes in growth factors, increased cytokine production, and changes

in EV cargo, can impact the function of surrounding cells (91).



It is also important to note that the aged phenotype of the organism as a whole
carries a large impact on the NSCs and acts as an extrinsic regulator of their function,
thus influencing the NSC niche and the NSC secretome. This is due to the anatomical
location of the SVZ niche which is in close proximity to both systemic blood vessels
and the ventricles of the brain, leading to exposure of NSCs to circulating cytokines
and EVs from throughout the body in addition to factors in the niche (92).
Consequently, with advancing age, individuals are more inclined to develop a whole-
body pro-inflammatory state, characterized by high levels of circulating inflammatory
molecules, known as inflammaging (93) as well as the accumulation of senescent
cells, which both increase the risk of developing age-assc -iated neurodegenerative
diseases. Senescence is a process in which cells typice'ly <top dividing and undergo
alterations that change their normal function and impa-t st rrounding cells via secretion

of pro-inflammatory molecules (94).

In the young healthy adult murine brain, tiscue damage from injury, disease, or
infection stimulates otherwise quiescent NS Cs i1to activity to replenish damaged and
dying cells. Here NSCs balance cell rz'ac=ment (i.e., neurons and astrocytes) with
asymmetrical division to maintain a re_- rve of multipotent NSCs (95). The loss of this
ability to balance the two states os a result of aging, chronic systemic or local
inflammation, senescence, and t.5su= damage further enhances changes to the NSC
secretome. As a consequenc?, the NSCs are pushed towards alternative states of
increased quiescence and ini."mmatory senescence, in which their normal functions
are either dysregulated nr . ~rapletely absent (95, 96). As such, the function and nature
of the NSC secretr me ‘s highly dependent on their current cellular state, potentially
being in deep quiescerce or under inflammatory senescence, and physiological age

of the animal.

NSCs from aged animals develop an altered, pro-inflammatory secretome that
negatively influences brain health and is thought to contribute, at least partially, to age-
releated cognitive declines (96). Within the aged NSC niche there is an increase in
factors associated with the senescent associated secretory phenotype (SASP), which
is a collection of secreted factors typically associated with senescent cells, including
IL-6 and TNF-a (92, 97, 98). Excess secretion of these factors has been found to
deplete the SVZ stem cell pool and prevent neurogenesis (98). Further, the presence
of the SASP within the NSC niches can directly impact NSC activity. Here, NSCs within



the aged niche become deeply quiescent and fail to respond to cues to become active,
which prevents their normal homeostatic functions in the brain, as well as cell
replacement through proliferation and differentiation (95, 96). These recent
discoveries have prompted the need to further investigate the secretome of NSCs from
young and aged organisms and how this secretome is further modified by

neurodegenerative disease.

The role of aging on the cargo and function of NSC-EVs cannot be overlooked. For
example, NSC-derived EVs containing microRNAs (miRNAs) in the CSF were found
to decline during the natural aging process (99). Ablation of NSCs in young mice using
genetic targeting was found to advance the aging phenr:ne, leading to a shortened
lifespan and a decline in EVs containing miRNAs within (»2 CSF. Interestingly, there
was no specific miRNA identified to cause these ©hconges, instead over 20 miRNA
species derived from NSC-EVs were found to cuw~tantially decrease in the CSF of
aging mice (99). This work suggests that the naturc' orocess of physiological aging is
partially controlled by the release of exosom al m'RNAs from NSC niches, and that with
age, the secretome of NSCs is impact~ '

Furthermore, induction of cellular ser.>scence in NSCs and the development of the
SASP would most likely comperind the loss of homeostatic function, including
alterations in cell cycling, resporse to appropriate differentiation, and a pro-
inflammatory phenotype. Fitu e studies need to provide a deeper analysis and
mechanistic understanding o1 the NSC secretome as it relates to cellular state,
organismal age, and ciscase status. This will help identify the critical changes that
occur with age ana u."ease-status and the impact of the secretome on both the local,

and distant, tissue mici0environment.
b. Local soluble factors as regulators of NSC aging

The specialized microenvironment of the NSC niche receives and integrates
converging extracellular signals arriving from the larger and more heterogenous
macroenvironment (i.e., beyond the boundaries of the niche) that regulates NSC
states of quiescence, proliferation, and differentiation (Figure 2). Additionally, the
aging brain of both humans and rodents (94) accumulates senescent cells that can
negatively affect the functioning of the niche microenvironment, which negatively

impacts NSC turnover as well as their beneficial role in post-injury regeneration.



Genetic and chemical ablation of senescent cells increases lifespan and provokes a
delay in the onset and accumulation of age-associated disorders in mice (100, 101),
such as cognitive dysfunction (102). One mechanism through which senescent cells
can negatively impact the local microenvironment is through the SASP, which can be
triggered by DNA damage and mitochondrial dysfunction (15, 103, 104). Normally, the
SASP regulates the removal of senescent cells via local macrophages, which provides
beneficial effects (105, 106). However, the chronic exposure of cells to SASP factors
reinforces the senescence phenotype and exacerbates cell-intrinsic changes,
impacting the surrounding healthy tissue of the NSC niche and inducing further
dysfunction. SASP can also lead to a phenomenon knowi oS paracrine senescence,

where secreted senescence factors can induce senesce. ce )f neighboring cells (107).

Among the many factors secreted by senescet ~e.s, high mobility group box
proteins (HMGBSs) are under active study due to uioir known roles in transcriptionally
regulating the intiation of the SASP (108). For nxample, HMGB2 has been found to
orchestrate the chromatin organization of sy ecifc SASP gene loci thereby promoting
their expression as observed in oncoge:.=»-1"duced senescent cells (109). Additionally,
senescent human NSCs also secrelc the SASP factor HMGB1 which inhibits the
differentiation of oligodendrocyte prcenitor cells (OPCs) in vitro (15, 110) (Figure 2a).
Moreover, HMGBL1 is also an aleirninn (111) that alerts the immune system (110) and
can promote the activation ¢f microglia by binding to toll-like receptors -2 and -4
(Figure 2h) (112). Normaw’, non-activated microglia in young mice support
neurogenesis in the hinprcampus and SVZ via secretion of growth factors and
cytokines (113, 11} \'av.ever, the release of pro-inflammatory factors by activated
primary microglia in vitrd has been shown to reduce the proliferation and neurogenic
potential of cultured murine NSCs (112). The reduction in proliferation and neurogenic
potential of NSCs was further studied in vivo in the aged murine SVZ. Here, the
inhibitory effect of the activated microglia on NSC function could be due to the
expression of TNF-q, IL-18, and IL-6, which are known to negatively effect NSCs (115)
(Figure 2b). Furthermore, aging-induced loss of microglial phagocytosis, which is
responsible for removing potentially toxic extracellular materials within the
hippocampal niche, could contribute to the accumulation of debris and aggregates
within the niche, disrupting NSC homeostasis (Figure 2b) (116, 117).



Microglia are not the only contributors to inflammaging. When exposed to plasma
from aged mice, brain endothelial cells were found to express vascular adhesion
molecule (VCAM1) and release TGF-B1, an inflammatory cytokine that triggers NSC
apoptosis in the SVZ via TGF-8 and SMAD3 signaling, leading to a reduction in NSC
numbers, proliferation and differentiation (Figure 2c) (115) (19). In addition, astrocytes
in the aged brain secrete pro-inflammatory molecules, such as IFN (118) and IL-1f,
which increases VCAM1 expression in NSCs and represses them in a quiescent state
(119) (Figure 2d).

Even the physical properties of the NSC niche are important, such as the stiffness
of the ECM (120) (Figure 2e). Thus, SASP factors not o~'v \~clude pro-inflammatory
molecules but also enzymes involved in ECM remadu~'ing, such as proteinase
inhibitors (121), matrix metalloproteinases (MMP:,) (13), and tissue inhibitors of
metalloproteinases (TIMPs) (122). Since ECM rroie~uies function as an inert scaffold
to anchor cells and regulate cell proliferatior a~d differentiation (123) via Rho
GTPases, senescent cells can indirectly a fect neurogenesis via remodelling of the
ECM within the NSC niches. As a mz:*ei of fact, in vitro studies have shown that
neurogenesis is impaired when NSCs ~.e cultured on stiff matrix (124). This has also
been demonstrated using soft hya, "gels to promote a neural fate of cultured adult
NSCs, whereas harder gels prcrio ed their differentiation towards a glial cell fate
(125).

Overall, there are many \>cai soluble factors that affect stem cell niches during the
course of ageing. This n.7ludes factors coming from local microglia and astrocytes,
and even from NSCs “heinselves. Interestingly, the consistent theme seen is that with
age there is an increase in the secretion of inflammatory factors, which becomes
chronic over time. This chronic exposure of NSCs to inflammatory factors influences
their homeostatic behavior, including their ability to cycle and their ability to
differentiate. Furthermore, NSCs can also become senescent with age, further
promoting the secretion of inflammatory factors in niches. A better understanding on
how local factors affect the stem cell niche is warranted to understand how the

presence of specific factors may influence NSCs.



c. Systemic soluble factors as regulators of NSC aging

The unique positioning of the SVZ allows for the stem cell niche to be in contact with
blood and CSF factors, directly influencing their behavior, including their state of
activation and differentiation capabilities (126). NSCs within the niche extend a filum
into the CSF and a long basal process which terminates on the leaky niche
vasculature, suggesting their function in directly sensing extrinsic factors (126). As
aging is associated with the development of inflammaging, the NSC niches are in
contact with a multitude of inflammatory systemic factors.

One of the first examples demonstrating the capabilitv of the extrinsic system to
influence NSC niches are heterochronic parabiosis stuuies, where the circulatory
system of a young and an aged mouse are joined. T:i's work has unveiled positive
effects on neurogenesis and proliferation in the SV* ai.& DG in aged mice with young
blood. However, young mice joined with an aqad ‘~irculatory system demonstrated
decreased neurogenesis and NSC proliferaticn n. the SVZ and DG, as well as
decreased synaptic plasticity and impaired rae nory (17, 127). In profiling the blood
and CSF of aged mice a variety of syst2n.'cioctors have been identified which mediate
these detrimental effects on the niches, many related to inflammatory signaling (128).
In addition, analysis of human plasmec oroteins has also found a significant enrichment
of proteins associated with diveis2 nflammatory processes with age, suggestive of
the inflammaging hypothesis ¢f aging (129).

The chemokine C-C mo.f c.;emokine 11 (CCL11) has been found increased in the
blood of aged mice, as ‘e as in aged human plasma and CSF, and promotes age-
induced dysfunctic., cu.velating with a decrease in neurogenesis (17). Furthermore,
young mice systemice!.y exposed to CCL11 have impaired hippocampal neurogenesis
(17) (Figure 2f). B2-microglobulin (B2M), which is a component of major
histocompatibility complex class 1 (MHC 1) molecule, is another circulating factor
which was found to negatively regulate the regenerative function of the aged
hippocampal niche (130, 131) (Figure 2f). Young mice with reduced expression of
MHC | (transporter associated with antigen processing 1 deficient mice) are resistant
to the negative neurogenic and behavioral effects of parabiosis with aged mice (130).

Parabiosis experiments have also led to the identification of several factors found
to have a restorative effect on the NSC niche in aged animals (127, 132, 133). Growth

differentiation factor 11 (GDF11), a circulating bone morphogenic protein expressed



higher in young animals, was found to have positive effects on aged SVZ NSCs,
including increased proliferation and neuronal differentiation (127). Analysis of young
mouse hippocami and plasma identified an enrichment of tissue inhibitor of
metalloproteinases 2 (TIMP-2), which decreases with age (132). When injected
systemically into aged mice TIMP-2 improves synaptic plasticity and cognition,
however there was no change in neurogenesis, suggesting a different mechanism of
action in improving behavior of aged mice (132). This could include altering the niche
ECM or acting as an anti-inflammatory molecule (134).

In addition to systemic proteins associated with plasma there have been several
factors produced by the choroid plexus in the CSF tha. can convey age-related
changes onto the SVZ niche (135) (Figure 2g). Aged n ice have a reduction in bone
morphogenic protein 5 (BMP5) and insulin-like grov th 1actor 1 (IGF1) in the lateral
ventricle choroid plexus, which both were found * .~omote NSC proliferation (135).
Furthermore, with age there is increased signan.~ of type | IFN response from the
choroid plexus which was found to inhibit Fuppocampal neurogenesis and decrease
cognitive function in aged mice (136).

The SVZ niche is uniquely positicved to receive signals from the pheriphery,
including blood and CSF factors. Aauditionally, these signals coming from the periphery
have been shown to play an impc.tent role on the behavior of NSCs in the niche. In
aging, inflammation takes ccnter stage, especially in the pheriphery where these
inflammatory factors can ente” the brain stem cell niches. Early research has shown
the detrimental effect of na-2)iosis in young animals paired with old ones on the NSC
niche. Here, aged "lo>d inhibits homeostatic behaviors, such as cell cycling and
differentiation. Aged h'bod has been found to contain a multitude of inflammatory

factors, which are just beginning to be uncovered.
d. Brain aging and the immune system

Until recently, the CNS was believed to be an immune-privileged site, due to a lack of
inflammatory response upon introduction of antigens (137). However, within the past
years peripheral immune cells have been found to have essential roles associated
with neuroprotection, brain plasticity, and repair (137). In age and neurodegenerative
disease, peripheral immune cells may play a pathological role. Aging and disease are
associated with an impaired BBB, which creates a more permissive environment for

the entrance of peripheral immune cells, such as T cells. Single cell RNA sequencing



of aged mouse SVZ identified an enrichment of T cells, also identified in the aged
human brain (138-140). The infiltrating CD8+ T cells in the aged mouse NSC niche
were found to secrete high amounts of IFN-y, causing impaired NSC proliferation and
impairing differentiation, highlighting their role in age-related neurogenic decline
(Figure 2h) (139). Interestingly, the T cells identified in the aged mouse brain are
clonally expanded, compared to T cells found in old blood, suggesting that they may
be attracted to specific antigens and chemokines in the aged SVZ (139). Natural killer
(NK) cells, a key subset of innate lymphoid cells, were detected in the DG niche in
aged humans and mice, associated with senescent NSCs (141). Interestingly,
senescent neuroblasts in the DG niche were found to secre.” IL-27 reinforcing NK cell
expansion and activation (141) (Figure 2h). Genetic denlet on of the NK cells, using
Rag-/- mice, improved neurogenesis and cognitive ‘unction in aged animals (141).
Furthermore, in aged mice myeloid cell bioenerg~ticc are suppressed in response to
increased signaling of prostaglandin E2 (PGEZ) which is a major modulator of
inlammation. This signaling promotes an en:ri,y-deficient state further driving the pro-
inflammatory aged phenotype, which ir. turn was found to promote age-induced
cognitive impairments (142). Interest.ng'y, knockdown of the PGE2 receptor, EP2, in
myeloid cells prevents age-rela.~d decline in the hippocampus. This included
improvement in long-term potent’ar.c », a correlate of learning and memory, As well as
improved performation in spatial.~emory tasks (142). Overall, most data suggests that
persistent inflammation in i:SC niches from extrinsic factors coming from the CSF,
blood, or from infiltratii.a humune cells, is detrimental to the proliferative and

differentiation capacity the -efore causing impaired behavior associated with aging.
e. Immune senes~2znce and NSC niche

Aging of the immune system, known as immunosenescence, has been found to
contribute to whole body aging, including expression of increased aging markers, such
as pl6'"k4a g cell cycle inhibitor, in the brain (143). Furthermore, immunosenesence
leads to increased secretion of inflammatory cytokines in the blood, promoting further
“‘inflammaging” (144). Senescent immune cells, including T cells and macrophages,
may infiltrate the niche, secrete pro-inflammatory SASP molcules and promote
paracrine senescence on SVZ NSCs, impairing their normal functioning (145, 146).
Further work understanding the role of the aged immune system in brain stem cell

aging is warranted.



4. Conclusion

Within the last two decades, major scientific interest has led to a groundswell of
findings regarding the vitally important roles that NSCs contribute to in the developing
brain. Further, we have made significant advances in understanding what happens to
this unique cell population in adulthood as well as during neurodegenerative disease
and, more recently, organismal aging. What we have gleaned is that the activity and
function of NSCs in the adult brain is highly dependent not only on signals from the
local microenvironment of the niche and systemic factors <.oming from the blood and
CSF, but also from peripheral immune cells of the systemic circulation and CNS-
resident neurons, microglia, and astrocytes. The systeMic regulation is even more
apparent when discussing NSCs in the contex. ot disease and aging wherein
significant changes in the levels of circulati: c/tokines and chemokines (e.g.
inflammaging) can have drastic consequencas on the normal, homeostatic functions
of NSCs. As new and exciting findings rc.gcr?:ng the function of NSCs in the adult
brain continue to be investigated, we ar: oii the precipice of entering a new age in
NSC research. However, a challenge tu the field currently, which is also a matter of
intense debate, is to what extent MSCs exist and function in the adult human brain.
There is strong evidence for the'~ e.-iutence in the adult brain (9), however a consensus
must be reached so as to uro.ide a foundation for future work to build from when
investigating their contribuuon to the normal functioning not only of the niche, but
rather the brain as a wnu.=. The field is primed to make this next step and continued
studies will only strengthen the claims of the necessary importance of NSCs not only
during development but also throughtout the life of an organism. Work investigating
how natural aging and disease states can affect the NSC niches, as well as the
surrounding brain microenvironment, will be important to understanding if these cells
can be harnessed to promote brain resilience or if they may be the cause of brain
inflammation. Pairing of new sequencing technologies using post-mortem human
brain tissue and mechanistic studies will help us understand the signaling modalities

of these unique cells.



5. Figure Legends

Figure 1. Extrinsic soluble factors regulate the interaction between NSCs and
immune cells during neuroinflammation in the CNS. The impact of myeloid cells
on NSC function can have positive or negative effects. (a) LPS-stimulated microglia
influence NSC behavior through the release of cytokines (IL-13, TNFa, IL-6, NO) that
lead to decreased proliferation, migration, and differentiation of NSCs. Whereas (b)
alternative (anti-inflammatory) activation of microglia by stimulation with the cytokine
IL-4 leads to increased neurogenesis and oligodendrogenesis partly through the
release of IGF and other (unknown) factors. Conversely, tt > NSC secretome is known
to modify the phenotype of inflammatory immune cells thrcugh various routes. Both
human and murine NSCs can reduce the inflammator 7 phenotype of persistently
activated macrophages through (c) the paracrine 1olease of PGE: or the release of
functional mitochondria encapsulated in EVs, w.ick. restores aberrant mitochondrial
function in macrophages that reduces pro-inf.. nmatory cytokine production and helps
to resolve neuroinflammation. (d) NSC-de..ved EVs also contribute to immune
suppression by maintaining the anti-i* flaramatory status of local immune cells through
CD63 and CD81 mediated signelling. nSCs have also been found to (e) secrete
soluble factors (NO, IL-10, PGE2, 1.~Fu) that interact with activated T cells to decrease
their proliferation capacity anu ~eudce their pro-inflammatory status. Dashed lines
indicate extrinsic regulators of 1!SC function. Solid lines indicate NSC regulation of
cellular functions. Greer arr.'wv is positive effects and red arrow is negative effects.
Abbreviations: neural steira cells (NSCs), unknown factors (???), lipopolysaccharide
(LPS), interleukin-4 (IL 4), interleukin-6 (IL-6), interleukin-10 (IL-10), nitric oxide (NO),
tumour necrotic factor alpha (TNFa), insulin-like growth factor 1 (IGF-1), extracellular
vesicles (EVs), prostaglandin E2 (PGE-2), transforming growth factor beta 2 (TGF(3-2).

Figure 2.Schematic representation of the main described signalling
mechanisms leading to cellular dysfunction in the aged stem cell niches. NSCs
in the aged niches engage in complex bidirectional signaling processes with the
surrounding microenvironment. (a) Senescent NSCs secreting the SASP factor
HMGB1 which signals to OPCs. Advancing age leads to (b) activated microglia that
show increased release of cytokines into the microenvironment that negatively

regulates NSCs. Microglia also undergo age-induced loss of phagocytosis which can



lead to the accumulation of toxic cellular debris. (c) Plasma from aged mice alters the
expression of VCAM1 on endothelial cells and increases expression of TGF1 which
has negative effects on NSCs. Additionally, in the aged brain (d) astrocytes secrete
the pro-inflammatory molecules IFN and IL-13 that result in increased VCAM1
expression on NSCs. The stiffness of the brain also changes, (e) which alters the
composition of the extracellular matrix to influence NSC functions. The proximity with
both the (f) blood and (g) cerebrospinal fluid places NSCs at the intersection of
systemic signal integration. Lastly, (h) increased infiltration of peripheral T cells and
NK cells into the aged brain leads to a bidirectional signaling axis with NSCs. NSCs
also communicate with microglia via the alarmin HMGB1 tu Jirect their activation. The
overall result of these changes is an age-associated leclne in NSC self-renewal,
proliferation, activation, regenerative and neurognic potentials. Green arrows
indicate an increase and red arrows indicate ~ uocrease. Dashed lines indicate
extrinsic regulators of NSC function. Solid lines ~uicate NSC regulation of cellular
functions. Abbreviations: neural stem cells (iv3Cs), vascular cell adhesion molecule
(VCAM1), transforming growth factor B1 (7 5Fp1), B2-microglobulin (B2M), chemokine
C-C motif chemokine 11 (CCL11). growth factors (GFs), interleukin-6 (IL-
6), interleukin-1B (IL-1B), tumor nc-rosis rfactor-a (TNFa), oligodendrocyte progenitor
cell (OPC), high mobility griv. pox proteins (HMGBs), interleukin-27 (IL-
27), interferon y (IFN-y), interleckin-15 (IL-15), chemokine C-C motif chemokine 3
(CCL3), extracellular mati..© (=CM), insulin-like growth factor 1 (IGF-1), bone
morphogenic protein 5 (EMP:), type | interferon (IFN-I), cerebrospinal fluid (CSF).
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