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Recent advances in our understanding of tissue regeneration and the development of efficient approaches to
induce and differentiate pluripotent stem cells for cell replacement therapies promise exciting avenues for
treating degenerative age-related diseases. However, clinical studies and insights from model organisms
have identified major roadblocks that normal aging processes impose on tissue regeneration. These new
insights suggest that specific targeting of environmental niche components, including growth factors,
ECM, and immune cells, and intrinsic stem cell properties that are affected by aging will be critical for the
development of new strategies to improve stem cell function and optimize tissue repair processes.
Introduction
A central goal of regenerative medicine is the ability to restore or

rejuvenate tissues using endogenous stem cells (SCs) or exoge-

nous replacement cells derived from stem or progenitor cells.

This approach relies on harnessing tissue repair processes that

have evolved to heal damaged tissues and to maintain tissue

homeostasis. Improving and restoring such processes is likely

to be a promising strategy for tissue rejuvenation and to allay

age-related diseases.

SCs are characterized by their multi-potency and their capac-

ity to self-renew, giving rise to both progeny that differentiates to

repair tissues and progeny that retains SC properties to ensure

the long-term maintenance of the SC pool (Fuchs and Chen,

2013). Somatic SC populations differ according to the regenera-

tive requirement of their host tissue. In high-turnover tissues like

the intestine or the hematopoietic system, the majority of the SC

or progenitor population is active throughout life, while in tissues

with low rates of homeostatic renewal like the muscle, SCs

remain quiescent and are only activated by injury (reviewed in

Barker et al., 2010; Cheung and Rando, 2013; Sánchez Alvarado

and Yamanaka, 2014). In organs that lack SCs, induced pluripo-

tent SC (iPSC)-derived replacement cells constitute a promising

therapeutic avenue for functional restoration (reviewed in Fox

et al., 2014). iPSCs regain the same developmental potential of

embryonic SCs, and can thus, in principle, be differentiated

into any tissue of interest (Tapia and Schöler, 2016).

Regardless of whether endogenous somatic SCs or iPSCs

are used, the ability to regenerate somatic tissues is impacted

by the systemic milieu and the tissue microenvironment, and it

has become clear in recent years that modulating the systemic

parameters and the microenvironment in aged or diseased con-

ditions can significantly impact regenerative success (Forbes

and Rosenthal, 2014; Lane et al., 2014; Wagers, 2012). Extracel-

lular signals can influence all aspects of SC function: quies-

cence, proliferation, multi-potency, and differentiation. These

signals are derived either from the systemic environment, reach-

ing the SC via the vasculature, or the local environment—the
niche. The niche can be considered any cell, tissue, or extracel-

lular matrix (ECM) that resides in direct contact or close proximity

to the SC population and that influences SC biology. Examples

of niche components include other somatic and stromal cells,

immune cells, ECM, innervating neuronal fibers, and the vascu-

lature. Nevertheless, niche structure varies among the different

somatic SC types, reflecting the different compositions of the

host tissues and physiological demands of their somatic cells

and resident SCs (Bjornsson et al., 2015; Scadden, 2014).

Signals derived from the blood that influence SC function

include soluble molecules secreted by any tissue in the body,

which can be hormones, growth factors, and any other signaling

molecules or immune-derived signals secreted by infiltrating im-

mune cells. These signals may influence SC function directly

or through modulation of the local environment. Indirect action

includes changes to the makeup of the resident immune cell

population, modulation of stromal or somatic cell function, and

perturbation of the secretory phenotype of these cells (Jones

and Wagers, 2008; Li et al., 2016a; Morgner et al., 2015; Rezza

et al., 2016; Scadden, 2014; Wagers, 2012).

Both the niche and the systemic environment, but also SCs

themselves (Figure 1), change with age, and these changes limit

the success of regenerative processes. Strategies targeted

at improving the quality of these interactions in coordination

with specific SC-directed interventions are likely to significantly

enhance the success of regenerative therapies (Table 1). This

may include identifying and using immune cell-derived factors

that stimulate a specific aspect of the regenerative process or

targeting the immune cells themselves with instructive signals

to modulate regeneration. Such approaches are particularly

relevant in conditions in which the immune environment is

compromised, namely in degenerative diseases that are associ-

ated with inflammation, and in old patients, which often present

with chronic low-level inflammation.

Beyond inflammation, supplementation of growth factors, hor-

mones, or other signaling molecules that decline with aging are

possible approaches to improve regeneration. Furthermore,
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Figure 1. Intrinsic Regulators of SC Function and Their Dysregulation with Aging
The figure summarizes molecular interactions identified independently in multiple systems, and these interactions are depicted in a generic cell type when not
specified.
Quiescent SC (middle panel): p16 is upregulated in old satellite cells and HSCs. In satellite cells the epigenetic de-repression of the INK4A locus (loss of Bmi1) is a
consequence of accumulated ROS due to mTOR-dependent inhibition of the autophagic flux. An increase in p38 signaling further contributes to p16 induction in
old satellite cells. In HSCs, p16 induction is a consequence of DNA damage and telomere shortening. Both satellite cells and HSCs display changes in epigenetic
marks with aging. Moreover, mesenchymal stem cells display a generalized reduction in the heterochromatin-associated H3K9me3 with age.
Differentiation (top panel): in old HSCs, elevated Cdc42 leads to cell polarity defects that favor self-renewal expansion at the expense of differentiation. Upon
regenerative pressure, old satellite cells show unbalanced self-renewal and differentiation due to increased symmetric divisions. Symmetric segregation of p38
signaling in old satellite cells, due to p38 hyperactivation or altered b1-integrin activity and insensitivity to Fgf2, prevents asymmetric division and leads to stem
cell exhaustion by differentiation.
Activation (bottom panel): upon proliferative pressure, these changes result in satellite cell senescence as well as HSC senescence and apoptosis.
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successful regeneration can benefit from the elimination of detri-

mental local or systemic signals that accumulate with age or

elimination of their cellular sources, such as senescent cells.

In this Review, we discuss potential regenerative medicine

strategies to allay age-related changes to SCs and their environ-

ment that promise to enhance the repair capacity of old and

diseased tissues. We specifically highlight new studies that

have identified a growing number of promising rejuvenating inter-

ventions (Table 1) and propose a combined approach to target

SC intrinsic limitations and niche deregulations simultaneously.
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Aging Roadblocks and Targets for Improvement
Aging is associated with a loss of regenerative capacity in many

tissues. Age-related changes in the systemic environment, the

niche, as well as the SCs themselves contribute to this loss.

The contribution of the aging systemic environment has been

elegantly demonstrated by studies using heterochronic parabi-

osis. By joining the circulatory systems of young and old animals,

itwasshown that the regenerativecapacity of theskeletalmuscle,

liver, brain, bone, and pancreas of young parabionts is worsened

by exposure to an old systemic environment, whereas young



Table 1. Therapeutic Molecules with Translational Potential in Regenerative Medicine Previously Tested in Model Organisms

Therapeutic Molecule Delivery Cellular Target Molecular Target/Effect Reference

IL-22 (F-652) systemic (i.p./s.c. injection) ISCs activation of Stat3 Lindemans et al., 2015

DOT1L inhibitor (epz-4777/epz-5676) Systemic (i.p. injection) unknown inhibition of DOT1L, NF-kB effector Soria-Valles et al., 2015

DOT1L inhibitor (epz-4777/epz-5676) in vitro treatment iPSCs inhibition of DOT1L, NF-kB effector; improved

reprograming efficiency

Soria-Valles et al., 2015

Fibronectin local (i.m.) satellite cells activation of integrin signaling: protein tyrosine

kinase 2 (PTK2, FAK)

Lukjanenko et al., 2016

*b1-integrin-activating antibody TS2/16 local (i.m.) satellite cells activation of b1-integrin / FGFR Rozo et al., 2016

pyridone-6 local (topical on skin) HFSCs inhibition of JAK/STAT Doles et al., 2012

Tyr AG 490 local (i.m.) satellite cells inhibition of Jak2 Price et al., 2014

*5,15 diphenylporphrine local (i.m.) satellite cells inhibition of Stat3 Price et al., 2014

rIL-33 local (i.m.) or systemic (i.p.) muscle Tregs activation of IL1RL1 (ST2) Kuswanto et al., 2016

GnRH systemic (s.c. injection) unknown unknown Zhang et al., 2013b

hrMANF local (i.vit.) eye macrophages unknown Neves et al., 2016

ABT263 systemic (gavage) senescent cells inhibition of BCL-2/BCL-xL Chang et al., 2016

SB203580 ex-vivo, prior to transplant satellite cells inhibition of p38 MAPK activity Bernet et al., 2014

SB202190 ex-vivo, prior to transplant satellite cells inhibition of p38 MAPK activity Cosgrove et al., 2014

Trolox systemic (i.p. injection) satellite cells anti-oxidant Garcı́a-Prat et al., 2016

CASIN ex-vivo, prior to transplant HSCs inhibition of Cdc42 activity Florian et al., 2012

Oxytocin systemic (s.c. injection) Satellite cells activation of MAPK/ERK signaling pathway Elabd et al., 2014

GDF11 systemic (i.p. injection) VASCULATURE (in the brain);

unknown in other tissues

activation TGF-b signaling in endothelial cells

of the brain; ERK1/2 activation in renal epithelia

Loffredo et al., 2013;

Katsimpardi et al., 2014;

Sinha et al., 2014;

Zhang et al., 2016

i.p., intraperitoneal; s.c., subcutaneous; i.m., intramuscular; i.vit., intravitreal.
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bloodcan improve regeneration inoldanimals, reducecardiachy-

pertrophy, and improve cognitive function (Baht et al., 2015; Con-

boy et al., 2005; Loffredo et al., 2013; Ruckh et al., 2012; Salpeter

et al., 2013; Villeda et al., 2011, 2014). A recent study suggests

that similar effectscanbeobtained throughasingle heterochronic

blood exchange (Rebo et al., 2016).

Intrinsic impairments to SC function, however, appear not to

be reversible by systemic or niche rejuvenation, and intrinsic

and extrinsic determinants of SC aging have been described

as independent contributors to the loss of regenerative capacity

(Liu and Rando, 2011; Oh et al., 2014). Interestingly, the observa-

tion that extrinsic impairments precede the development of

intrinsic roadblocks suggests that dysregulated environmental

cues may be drivers of intrinsic defects in old SCs (reviewed in

Sacco and Puri, 2015). Identifying the nodal points where

extrinsic and intrinsic age-related changes converge to drive

the loss of SC function is thus critical. Such insight has begun

to emerge in recent years.

Intrinsic Limitations of Aged Stem Cells

In many tissues, active SCs persist into old age but are often

compromised in their ability to perform their functions (Schultz

and Sinclair, 2016). Overcoming intrinsic alterations to SC

function (Figure 1, middle panel) is essential for interventions de-

signed to recruit endogenous SCs for regenerative purposes. In

the muscle, recent studies have shed light on the transition of

normally quiescent SCs that can be activated during muscle

regeneration toward a fully senescent state that impairs their

activation in geriatric animals. SC quiescence is a tightly regu-

lated process that ensures that the progenitor population retains

long-term potential to be readily activated in response to injury

(reviewed in Cheung and Rando, 2013). At geriatric ages

(28 months and more in the mouse), quiescent muscle SCs are

found in a pre-senescent state that is associated with the loss

of epigenetic silencing of the INK4a locus and the consequent

upregulation of the cell-cycle inhibitor p16INK4a. These cells

are unable to perform regenerative functions and will undergo

full senescence upon regenerative pressure (Sousa-Victor

et al., 2014).

Interestingly, the balance between quiescence and senes-

cence depends on mechanisms that avert the accumulation of

intracellular damage. Quiescent muscle SCs display a contin-

uous high basal autophagy level, which is necessary for the

clearance of damaged organelles and proteins. A failure to main-

tain autophagy flux in old satellite cells leads to increased ROS

levels, INK4a de-repression, and ultimately entry into senes-

cence (Garcı́a-Prat et al., 2016). A similar quiescence-to-senes-

cence transition, associated with increased levels of p16INK4a,

is observed in aged hematopoietic SCs (HSCs) as a conse-

quence of telomere shortening and accumulation of DNA dam-

age (Wang et al., 2014) (Figure 1, middle and bottom panel).

Quiescence in HSCs is associated with an attenuation of DNA

repair pathways (Beerman et al., 2014), while cycling old HSCs

have increased levels of replication stress associated with cell-

cycle defects and chromosome gaps or breaks (Flach et al.,

2014). The resulting accumulation of DNA damage and

genome-wide mutations in aged SCs can promote changes in

chromatin that lead to a broad deregulation in gene expression.

Transcriptome analysis of aged hair follicle SCs revealed that the

sustained DNA damage response in cycling cells during aging
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leads to a loss of the SC population from the skin through termi-

nal epidermal differentiation (Matsumura et al., 2016).

Age-dependent alterations in the epigenome also affect chro-

matin structure and transcriptional regulation, consequently per-

turbing SC function (Rando and Chang, 2012). Mesenchymal

SCs from aged individuals display a generalized reduction in

the heterochromatin-associated H3K9me3 mark and a downre-

gulation of proteins involved in heterochromatin maintenance

(Zhang et al., 2015). Similar alterations can be found in an embry-

onic SC model of Werner progeria syndrome, supporting the

idea that heterochromatin disorganization may cause cellular

dysfunction with age (Zhang et al., 2015). Epigenomic profiling

of aged HSCs revealed that the activating H3K4me3 mark is

increased in genes involved in maintaining HSC identity, while

differentiation-promoting genes are increasingly repressed with

age (Sun et al., 2014). These epigenetic changes are consistent

with the reported increased numbers and reduced differentiation

capacity of aged HSCs (Florian et al., 2012; Janzen et al., 2006;

Rossi et al., 2005). Similar studies in quiescent satellite cells re-

vealed that the young muscle SC pool is characterized by a

permissive chromatin state, while aged satellite cells display a

global increase in the repressive H3K27me3 mark (Liu et al.,

2013). Although these findings suggest that changes in the

epigenetic landscape are a general trait of aged SCs, further

studies are required to determine the extent to which these alter-

ations have a causal or correlative relation with SC aging. A

recent study showed that a site-specific chromatin alteration in

aged activated satellite cells leads to the induction of Hox9

and consequent activation of several pathways detrimental for

proper satellite cell function. The inhibition of chromatin activa-

tion or deletion of Hoxa9 was sufficient to improve satellite cell

function and muscle regeneration in old mice, suggesting a

causal relation between aberrant epigenetic stress response

and functionality of SCs of aged mice (Schwörer et al., 2016).

The same in-depth analysis into causality will have to be applied

to the effect of DNA damage in SC aging, considering studies

in which defects in DNA repair lead to the accumulation of

DNA damage with no effect on satellite cell function (Cousin

et al., 2013).

If endogenous SCs are to be used to repair tissues in old pa-

tients, strategies to reverse some of the described age-related

intrinsic alterations that impair regenerative capacity have to

be devised (Table 1). Intervening at the level of gene regulation,

through the silencing of p16INK4a expression, was shown to be

effective in restoring quiescence andmuscle SC function of geri-

atric mice (Sousa-Victor et al., 2014). Because p16INK4a upre-

gulation is a common hallmark of SC aging in many tissues (Mar-

tin et al., 2014), this strategy may have a broader application in

the regeneration of aged tissues. It should be noted, however,

that reducing p16INK4a levels can also result in increased can-

cer incidence (Kim and Sharpless, 2006). Alternatively, it is also

possible to target p16INK4a-expressing cells for elimination us-

ing senolytic agents (Chang et al., 2016). While this approach

may have broader beneficial implications in the aging niche

(see below), it can also lead to the elimination of senescent

SCs independently, thus ensuring that a healthier SC pool is

maintained through old age.

Another possible approach is to intervene at the level of dysre-

gulated cell signaling pathways that cause alterations in gene
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regulation, including the increase in p16INK4a expression. Phar-

macological inhibition of p38 MAPK signaling decreases the

expression of cell-cycle inhibitors and enhances the regenera-

tive capacity of aged satellite cells in muscle transplantation ex-

periments (Bernet et al., 2014; Cosgrove et al., 2014). Similarly,

inhibition of JAK-STAT signaling improves satellite cell function

in older mice (Price et al., 2014). Pharmacological interventions

that restore basal autophagic flux in geriatric satellite cells are

also effective in preventing irreversible cell-cycle exit and

improving muscle SC function (Garcı́a-Prat et al., 2016). Other

examples of the use of compounds to target dysregulated path-

ways include the partial rejuvenation of aged HSCs through

mTOR (Chen et al., 2009) and Cdc42 (Florian et al., 2012) inhibi-

tion. Increased mTOR activation represents a conserved mech-

anism for organismal aging (Johnson et al., 2013), and elevated

activity of the small RhoGTPase Cdc42 has been reported in

several aged mouse tissues (Wang et al., 2007). Genetic models

of increased Cdc42 display phenotypic and functional changes

in HSCs that are consistent with accelerated aging, including

reduced reconstitution capacity and cell polarity defects. Treat-

ing aged HSCs with CASIN, a specific inhibitor of Cdc42, is suf-

ficient to restore the reconstitution capacity and polarity of the

old HSC population, opening the possibility that other aging phe-

notypes could also be reversed with a similar treatment (Florian

et al., 2012, 2013). Defects in cell polarity are also observed in

aged muscle SCs, in this case due to excessive p38 signaling.

In fact, part of the mechanism through which p38 inhibition re-

stores the function of old satellite cells is by restoring asymmetric

SC division, a process that is necessary to sustain self-renewal

(Bernet et al., 2014; Rozo et al., 2016) (Figure 1, top panel).

The Effects of Aging in the Generation of

Replacement Cells

In many organs, endogenous repair mechanisms are inefficient,

even at a young age, due to the absence or limited functionality

of a resident stem/progenitor cell pool. In these situations, tissue

repair therapies have to rely on the transplantation of replace-

ment cells generated in vitro. The success of such therapies de-

pends on the efficient functional engraftment of replacement

cells into the host tissue and on the quality of the replacement

cells generated in vitro (Chen et al., 2012; Fox et al., 2014; Lamba

et al., 2009; Lu et al., 2015; MacLaren et al., 2006).

Replacement cells can be generated through differentiation of

induced pluripotent SCs (iPSCs) derived from patient-specific or

donor somatic cells, mesenchymal SCs, or embryonic SCs

(ESCs). Alternatively, they can also be generated through direct

trans-differentiation of somatic cells. iPCSs are generated by the

reprogramming of fully differentiated cells into a pluripotent state

(Takahashi et al., 2007), which can then be differentiated into any

cell type, while direct trans-differentiation involves the direct

conversion of a somatic cell type into another, without interme-

diate induction of a pluripotent state (Huang et al., 2011; Ieda

et al., 2010; Sekiya and Suzuki, 2011; Vierbuchen et al., 2010).

Notably, whereas reprogramming into iPSCs erases the tran-

scriptomic signatures of aging present in old fibroblasts, direct

trans-differentiation of old fibroblasts into neurons preserves

the aging-related profile (Mertens et al., 2015). Accordingly, neu-

rons generated from iPSCs preserve youthful characteristics

when compared to the ones generated by direct trans-differen-

tiation (Mertens et al., 2015; Miller et al., 2013; Yang et al.,
2015). Thus, while trans-differentiation may be an effective way

to model diseases of aging in a dish in a patient-dependent

manner, in the context of cell-replacement therapies, generation

of replacement cells by sequential reprogramming and differ-

entiation may be advantageous. The rejuvenation potential of

cellular reprograming can also be used to directly target cells

in vivo, as long as only partial reprograming is induced to avoid

teratoma formation. This strategy was recently shown to have

a general beneficial effect on organismal aging (Ocampo et al.,

2016). Interestingly, aging itself favors the in vivo reprogramming

process. The effect seems to bemediated by neighboring senes-

cent cells that secrete IL-6 (Chiche et al., 2016; Mosteiro

et al., 2016).

However, aging can also be a limiting factor for reprogram-

ming (Li et al., 2009; Soria-Valles et al., 2015), limiting the

success in generating replacement cells from old donors via

iPSCs. Shorter telomere length, activation of the INK4a locus,

p53-mediated DNA damage response, replication stress, and

NF-kB activation are characteristics of aging cells that impose

a barrier to reprograming. Moreover, the reversal of these char-

acteristics during the reprograming process is required for effi-

cient iPSC generation (Banito et al., 2009; Li et al., 2009; Marión

et al., 2009a, 2009b; Ruiz et al., 2015; Soria-Valles et al., 2015).

Inhibition of several of these pathways has been efficiently

applied to improve the reprograming efficiency from old donors

(Table 1). Inhibition of the INK4 locus improves reprogramming

efficiency of old mouse skin fibroblasts (Li et al., 2009), while in-

hibition of the chromatin modifying factor DOT1L, an effector of

NF-kB activity, improves reprogramming efficiency of old (but

not young) human fibroblasts (Soria-Valles et al., 2015).

It has further been noted that even in young donors, senes-

cence and genomic instability arise naturally during reprogram-

ming and impose a barrier to efficient iPSC generation (Banito

et al., 2009; Ruiz et al., 2015). Consistently, silencing of senes-

cence effectors (Banito et al., 2009) or reduction in replication

stress by increasing CHK1 levels or nucleoside supplementation

(Ruiz et al., 2015) facilitate reprogramming. Reducing replication

stress further reduces genomic instability arising from reprog-

ramming (Ruiz et al., 2015), and p53 inhibition enhances reprog-

ramming efficiency under exogenously inflicted DNA damage.

This perturbation, however, compromises genomic stability in

the generated iPSCs, suggesting that p53 activation is a protec-

tive mechanism to ensure genomic integrity in the newly gener-

ated SCs (Marión et al., 2009a). Thus, while being a limiting factor

to reprograming efficiency, p53 activation may be important to

ensure the quality of the replacement cells generated from re-

programmed, old donors with compromised genomic integrity.

Mutations may also arise in the mtDNA of donor cells and be

clonally expanded during iPSC generation. Because the fre-

quency of mtDNA defects in iPSCs increases with the age of

the donor cell, it is important to monitor mtDNA mutations in

iPSCs generated from older patients (Kang et al., 2016).

If patient-derived iPSCs are to be used, aging limits the suc-

cess of cell-replacement-based regeneration in two ways: by

reducing the ability to generate iPSCs and by preventing efficient

implantation of iPSC-derived progenitor cells. The studies dis-

cussed above provide clues for strategies that can be applied

to increase the efficiency of reprograming from old donors while

ensuring genomic stability of the replacement cells. Studies
Cell Stem Cell 20, February 2, 2017 165
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discussed in the following, in turn, have provided interesting new

insights into interventions that may improve engraftment and tis-

sue repair through modulating niche and systemic conditions.

Changes in Biophysical Properties of Aged and

Damaged Tissues

Niche cues that modulate SC behavior and orchestrate efficient

tissue regeneration include a wide range of biophysical and

biomechanical signals. The ability of an SC to efficiently respond

to stimuli depends on interactions with the surrounding ECM and

is modulated by physical cues such as substrate elasticity or

stiffness, surface topography, andmechanical stresses (Conway

and Schaffer, 2012; Nowell et al., 2016).

Age-related changes in the composition and structure of the

ECM have a strong impact on the regenerative process (Phillip

et al., 2015; Watt and Huck, 2013). Tissue aging is associated

with loss of junctional integrity and gaps between epithelial cells,

likely due to a decrease in the levels of cell adhesion molecules

such as cadherins (Akintola et al., 2008), and it is associated with

increased tissue stiffening of several organs (Kwak, 2013; Wood

et al., 2014). The accumulation of senescent cells in old tissues

and the consequent presence of senescence-associated secre-

tory phenotype (SASP) factors (see below), which include ECM

components and proteases, can also contribute to the altered

biophysical properties of the aging niche (Coppé et al., 2010;

Frantz et al., 2010).

A common feature of age-associated degenerative diseases

and repeated tissue injuries is the excessive deposition of con-

nective tissue associated with fibrosis, a process that signifi-

cantly impacts the composition of the ECM (Brack et al., 2007;

Burkauskiene et al., 2006; Calabresi et al., 2007; Gagliano

et al., 2000). In the regenerating skeletal muscle, dysregulation

of the pathways responsible for limitingmatrix production results

in the interstitial accumulation of collagen and impairment of

regeneration (Lemos et al., 2015; Pessina et al., 2015). Attenua-

tion of fibrosis also facilitates hepatic regeneration (Nakamura

et al., 2000). In general, scar tissue creates an unfavorable

environment for SC-based therapies, thus inhibiting fibrogenesis

may be a potential point of intervention for regenerative

therapies.

A more complete understanding of how cell-matrix interac-

tions influence SC behavior enables advances in niche recon-

struction that incorporate factors beyond biochemical signals

(Dalby et al., 2007; Gilbert et al., 2010; McBeath et al., 2004;

Quarta et al., 2016; Yim et al., 2007). Similarly, current methods

for SC delivery in regenerative therapies strive to create local en-

vironments where survival and engraftment of SCs is enhanced

by biochemical, biophysical, and biomechanical cues (Choi

et al., 2014). A study that cultured satellite cells on hydrogel sub-

strates with properties matching the rigidity of muscle tissue

demonstrates that biophysical solutions can be combined with

biochemical treatments, such as p38 inhibitors, to rejuvenate

muscle SCs for transplantation (Cosgrove et al., 2014). Another

approach to enhance SC delivery and integration is to instruct

cells to produce their own ECM while in culture, generating

hybrid scaffolds that allow the attachment and migration of

SCs and can subsequently be transplanted to damaged tissues

(Matsuura et al., 2014; Schenke-Layland et al., 2009). Indeed,

in vivo studies show that activated satellite cells interact with

interstitial fibrogenic cells, regulating collagen biosynthesis to
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ensure proper ECM deposition (Fry et al., 2017). Future ad-

vances in the use of biomaterials will likely help overcome

some of the biophysical limitations to the application of SC-

based therapies to aging tissues. Nevertheless, these types of

interventions will require further development of safe routes for

endogenous SC transplantation.

Dysregulated Growth Factor Signaling

Age-related changes in local niche factors have been found to

perturb regenerative capacity of somatic SC populations in

several tissues. In the aging skeletal muscle, increases in local

FGF and TGF-b signaling are coupled with decreased expres-

sion of the Notch ligand Dl in the myofiber and decreases in

deposition of the ECM protein fibronectin. These changes syner-

gistically contribute to the loss of regenerative capacity, mostly

by affecting satellite cell function (Lukjanenko et al., 2016;

Sousa-Victor et al., 2015). The increase in FGF signaling causes

a loss of quiescence of old satellite cells and leads to satellite cell

loss (Chakkalakal et al., 2012). The remaining satellite cells

become unresponsive to FGF2 in regenerative conditions and

fail to expand or self-renew, thus impairing regenerative capacity

of the muscle (Bernet et al., 2014). Moreover, age-related alter-

ations in SC adhesion and ECM interactions impair SC signal

responsiveness. In healthy tissue, fibronectin is induced during

muscle regeneration and promotes integrin signaling in satellite

cells. However, fibronectin is not efficiently induced in old

mice, consequently satellite cells undergo defective integrin

signaling, resulting in a decreased response to FGF signaling

(Lukjanenko et al., 2016; Rozo et al., 2016). Treatment with acti-

vators of integrin signaling can restore FGF responsiveness and

rescue proliferative and self-renewal defects of old satellite cells.

Consequently, integrin signaling activators or fibronectin supple-

mentation can rescue regenerative capacity of old muscles (Luk-

janenko et al., 2016; Rozo et al., 2016). These niche-specific

signaling dysregulations synergize with a systemic increase

in Wnt signaling, which directly affects satellite cell function,

promoting aberrant fibrogenic commitment that compromises

regenerative capacity and promotes fibrosis (Brack et al.,

2007). Thus, Wnt inhibitors are an effective way to restore satel-

lite cell function in aging (Brack et al., 2007). Similarly, increased

Wnt signaling derived from old serum promotes mesenchymal

SC aging that can be attenuated by Wnt inhibitors (Zhang

et al., 2011) or ROS inhibition (Zhang et al., 2013a).

A recent study identified the lateral ventricle choroid plexus

(LVCP), a primary producer of cerebrospinal fluid (CSF), as an

important niche component for neural SCs (NSCs) affected by

aging (Silva-Vargas et al., 2016). Studying age-related changes

in the secretome of the LVCP, the authors identified molecules

with reduced secretion in old age, such as BMP5 and IGF-1,

which can be supplemented to improve the function of old

NSCs (Silva-Vargas et al., 2016). An age-dependent increase in

TGF-b signaling is also observed in the neurogenic niche, with

negative impact on neurogenesis (Pineda et al., 2013), while

reduced secretion ofWnt3 fromastrocytes impairs neurogenesis

in old mice (Okamoto et al., 2011). Furthermore, in the bone

marrow, the vasculature is an important component of the niche

supporting HSCs. During aging, niche-forming vessels are

reduced; however, the vessels can be restored by activation of

endothelial Notch signaling (Kusumbe et al., 2016).Together,

these studies demonstrate that interventions targeted at
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restoring niche signaling capacity may promote regenerative

success (Table 1).

Heterochronic parabiosis studies also led to the identification

of rejuvenating factors found in the young systemic milieu

that can improve regeneration. Plasma levels of the hormone

oxytocin decrease with age, and its systemic administration

improves regenerative capacity in the skeletal muscle of old

mice through direct action on satellite cells (Elabd et al., 2014).

GDF11, a member of the TGF-b family, was also recently

described as a circulatory factor declining in aging mice, and

systemic supplementation of recombinant GDF11 enhances

regenerative capacity of skeletal muscle (Sinha et al., 2014), neu-

rogenesis in the brain (Katsimpardi et al., 2014), and tubular

regeneration after acute kidney injury (Zhang et al., 2016), and

it prevents hypertrophy in the hearts of old mice (Loffredo

et al., 2013). Interestingly, the effects in the brain are mediated

by vascular remolding that promotes increased blood flow (Kat-

simpardi et al., 2014), yet the mechanism of action in other tis-

sues is still unclear. The effects of GDF11 on skeletal muscle

and its systemic changes with aging have recently been ques-

tioned (Egerman et al., 2015; Hinken et al., 2016; Poggioli

et al., 2016; Schafer et al., 2016), calling for further studies to fully

determine if this promising multi-target factor will be useful in

therapies aimed at enhancing regenerative capacity.

Cellular Senescence

Cellular senescence is a state of irreversible cell-cycle arrest that

can be induced by a series of stimuli that are prominent in aging

organisms, including telomere dysfunction, genomic instability,

oxidative stress, or oncogene activation (Campisi and d’Adda

di Fagagna, 2007). Senescent cells accumulate with aging in

several tissues of primates and rodents and are a common

feature at sites of age-related pathologies (Herbig et al., 2006;

Jeyapalan et al., 2007; van Deursen, 2014; Wang et al., 2009).

Although the state of senescence can impair the regenerative

capacity of a tissue by limiting SC function in a cell-autonomous

way (see above), many of the detrimental effects of cellular

senescence are thought to be a consequence of the secretion

of chemokines (Il-8, GROa and GROb, and several members

of the CCL and CXCL family of chemokines), pro-inflammatory

cytokines (Il-6, Il-1a and Il-1b, GM-CSF, and M-CSF), IGF bind-

ing proteins, and ECM remodeling proteases (matrix metallo-

proteinases [MMPs] and serine proteases), commonly referred

to as the senescence-associated secretory phenotype (SASP)

(Coppé et al., 2010; van Deursen, 2014). Senescence activation

is also associated with a wide range of essential biological activ-

ities that include embryonic development (Muñoz-Espı́n et al.,

2013; Storer et al., 2013), wound healing (Demaria et al., 2014),

tissue repair (Krizhanovsky et al., 2008), and induction of epithe-

lial-to-mesenchymal transitions (Laberge et al., 2012). Senes-

cence is thus simultaneously an important tumor suppressor

mechanism with key biological functions, but also a likely

contributor to the general state of low-grade chronic inflamma-

tion in older organisms (Franceschi and Campisi, 2014). This

dual nature of senescence and the SASP as key factors in tissue

repair and as drivers of degenerative age-related pathologies

significantly impacts regeneration and SC-based therapies

(Neves et al., 2015). The SASP also influences the immune

response at multiple levels. One of the key functions of secreted

factors originating in senescent cells is to attract immune cells,
which in turn are responsible for the elimination of senescent

cells (Kang et al., 2011; Xue et al., 2007). In the context of acute

liver injury in mice, the mechanism of immune clearance of

senescent activated hepatic stellate cells involves the cytotoxic

action of recruited natural killer cells and is essential to limit the

fibrogenic response to tissue damage and to facilitate repair

(Krizhanovsky et al., 2008). Although the transient presence of

SASP factors following injury is essential for efficient tissue

repair, the age-associated accumulation of senescent cells,

perhaps due to the decline of adequate clearance by the aging

immune system, can result in the formation of dysregulated im-

mune microenvironments. In the mouse skin, stromal-derived

SASP factors can recruit suppressive myeloid cells, with a

consequent inhibition of anti-tumor T cell responses, establish-

ing a tumor-permissive and chronic inflammatory microenviron-

ment (Ruhland et al., 2016). These characteristics of the aging

niche will likely influence the efficacy of SC-based therapies,

requiring strategies that take into account SASP-mediated im-

mune alterations.

The SASP can further contribute to age-related tissue

dysfunction through the paracrine induction of secondary senes-

cence in healthy neighboring cells (Acosta et al., 2013; Nelson

et al., 2012). Selective clearance of senescent cells and SASP

suppression in HSCs and bone stromal cells improves the

function of the remaining healthy population of HSCs, allowing

long-term and multi-lineage engraftment after bone marrow

transplantation (Chang et al., 2016). The process of paracrine

senescence can thus affect both the intrinsic regenerative ca-

pacity of functional SCs and the quality of the regenerating niche.

Efficient SC-based therapies will likely have to consider strate-

gies for attenuating the deleterious effects of senescence on the

regenerative process (Table 1). One possible approach is to

eliminate the already present senescent cells. This concept

has been successfully tested in progeroid and physiologically

aged mouse models where the genetically induced clearance

of senescent cells was shown to attenuate age-related deterio-

ration of several organs without apparent side effects (Baker

et al., 2011, 2016). Pharmacological interventions that can selec-

tively kill senescent cells are thus potential avenues to rejuvenate

tissue microenvironments and recover regenerative potential in

humans. One such senolytic agent, ABT263 (a specific inhibitor

of the anti-apoptotic proteins BCL-2 and BCL-xL), has been

shown to effectively deplete senescent cells when orally admin-

istrated to aged mice or animals subjected to a strong genotoxic

stress. This reduction in senescent cells was sufficient to

improve the function of HSCs and satellite cells (Chang et al.,

2016). Although ABT263 has some toxic side effects that might

limit its broad application as an anti-aging drug, the discovery

of other senolytic compounds will likely be of great interest

for regenerative therapies. Alternatively, an approach aimed

at preventing or attenuating the development of the SASP

could achieve similar effects while avoiding cytotoxicity. High-

throughput screens for compounds that selectively reduce the

secretion of proteins by senescent cells allowed for the identifi-

cation of two glucocorticoids, corticosterone and cortisol, as

compounds capable of suppressing the secretion of factors

that comprise the SASP (Laberge et al., 2012). Rapamycin, an in-

hibitor of the mammalian TORC1 complex, also decreases the

SASP by suppressing IL-1a translation and inhibiting NF-kB
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activity (Laberge et al., 2015). Inhibition of the JAK/STAT

pathway, responsible for regulating the expression of a number

of pro-inflammatory cytokines, was also shown to be a viable

strategy to suppress the SASP in multiple senescent cell types

(Xu et al., 2015). A better understanding of the signaling path-

ways that regulate the development of secretory phenotypes

by senescent cells should provide the basis for selecting other

drug candidates to interfere with the SASP. Such drugs would

be of interest as co-adjuvants in SC-based regenerative

therapies.

Age-Related Inflammation

Inflammaging, a chronic, low-grade inflammation observed dur-

ing aging, has been proposed to be associated with the pathol-

ogy of most age-related diseases (Franceschi and Campisi,

2014). Supporting this view, healthy aging in semi-supercente-

narians is correlated with low levels of inflammatory markers

(Arai et al., 2015). Evidence that inflammaging contributes to

the loss of regenerative capacity of many tissues comes from

mouse and flymodels, as well as from humans: in murinemodels

of chronic inflammation driven by over-activation of the NF-kB

pathway, anti-inflammatory treatments can rescue regenerative

capacity in the gut and liver (Jurk et al., 2014). NF-kB activation

and secretion of high levels of pro-inflammatory cytokines is also

observed in mouse models of progeria, and inhibition of NF-kB

signaling prevents age-associated dysfunction in these animals

(Osorio et al., 2012; Soria-Valles et al., 2015). Preventing chronic

activation of the pro-inflammatory NF-kB/Rel and JAK/STAT

signaling pathways in the fly intestine promotes regenerative

homeostasis and extends lifespan (Guo et al., 2014; Li et al.,

2016b). In the mammalian skeletal muscle, an age-specific in-

crease in niche-derived NF-kB signaling impairs satellite cell

function, which can be attenuated by systemic administration

of sodium salicylate, an FDA-approved NF-kB inhibitor (Oh

et al., 2016). Observations in humans, in turn, suggest a central

role for NF-kB activation and TNFa signaling in skin aging (Haus-

tead et al., 2016). Evidence from heterochronic parabiosis also

suggests that several serum-derived factors contributing to the

age-related loss of regenerative capacity are molecules involved

in the regulation of inflammation. Examples include the pro-in-

flammatory cytokine CCl11 and b2-microglobulin (a component

of the major histocompatibility complex), which are increased in

old serum and CSF and negatively impact neurogenesis (Smith

et al., 2015; Villeda et al., 2011). These studies suggest that in-

hibiting the activity of these molecules may be an effective way

to restore SC function during aging, at least in the brain.

Another interesting example for inflammatory signaling influ-

encing regenerative capacity is the circulating ligand responsible

for Wnt-signaling-dependent loss of regenerative capacity in the

old skeletal muscle (Brack et al., 2007). Recent findings indicate

that this factor is the unconventional Wnt ligand C1qa, which be-

longs to the complement system (Naito et al., 2012). Comple-

ment-mediated activation is a hallmark of inflammatory condi-

tions and age-related diseases. It is associated with activation

of theNlrp3 inflammasome inmacrophages and leads to the pro-

duction of pro-inflammatory cytokines (Bajic et al., 2015; Cel-

kova et al., 2015). While the effects of C1qa on satellite cells

were due to activation of Wnt signaling, it is tempting to specu-

late that the age-related elevation of C1qa levels in the serum

may contribute to a systemic inflammatory condition. Anti-com-
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plement drugs, which are already used for therapy in many in-

flammatory disease conditions (Morgan and Harris, 2015), may

thus also improve regeneration in old patients.

Chronic activation of inflammatory cytokine production in ag-

ing also impacts SC function directly, at least in the skin, and in-

hibition of JAK/STAT signaling in epidermal SCs can restore

functionality (Doles et al., 2012). Hyperactivation of JAK/STAT

with aging was also reported in the skeletal muscle, contributing

to satellite cell loss of function by promoting myogenic commit-

ment at the expenses of symmetric expansion. Notably, SC-spe-

cific inhibition of JAK/STAT signaling improved satellite cell func-

tion and regenerative capacity in the old skeletal muscle (Price

et al., 2014). In Drosophila, similar chronic activation of JAK/

STAT signaling has been reported to impact gastric SC function,

promoting metaplasia of the gastric epithelium. Limiting JAK/

STAT activation in the gastric region promotes intestinal homeo-

stasis and extends lifespan (Li et al., 2016b).

Another example of pro-inflammatory cytokines affecting SC

function directly has recently been reported: chronic exposure

of HSCs to the pro-inflammatory cytokine IL-1 results in preco-

cious myeloid differentiation at the expense of self-renewal (Pie-

tras et al., 2016). In old mice, HSC differentiation is also skewed

toward the myeloid lineage (Rossi et al., 2005), suggesting that

chronic activation of inflammatory signaling in old animals may

be part of the mechanism involved in HSC aging. It should be

noted, however, that acute inflammatory signaling is essential

for rapid myeloid recovery following injury (Mirantes et al.,

2014). The idea that acute inflammatory singling is important

for tissue repair is also supported by a recent study showing

that at the skin wound-edge, aged keratinocytes fail to activate

STAT3, perturbing the re-epithelization process following skin

wounding (Keyes et al., 2016). While chronic activation of STAT

signaling is detrimental for epidermal SCs (Doles et al., 2012),

in this context Il-6 supplementation improves wound repair in

aged skin (Keyes et al., 2016).

Together, these studies suggest that to improve the efficacy of

regenerative processes and SC-based therapies, the develop-

ment of effective strategies that limit inflammaging may be crit-

ical (Table 1). Such approaches will likely involve attenuating

the negative effects of systemic and local pro-inflammatory mol-

ecules that build up in aging organisms. Because the SASP is

thought to be a major source of inflammaging, it is likely that

the strategies described above to eliminate senescent cells or

modulate the SASP would have similar beneficial effects.

Innate Immune Cell Dysregulation and Immune

Modulation

The activation of SCs in response to tissue damage is coordi-

nated with the activation of immune cells, which in turn play a

central role in the regulation of the regenerative process (re-

viewed in Aurora and Olson, 2014). Because immune cells regu-

late and are regulated by inflammatory signals, targeting immune

cells directly is likely to be another effective way to allay age-

related inflammation and improve regeneration.

A common theme emerging from work in different tissue sys-

tems is that macrophages are required for the regenerative

response and that a biphasic activation of the immune system

is necessary for efficient regeneration in multiple organs (Arnold

et al., 2007; Deonarine et al., 2007; Lucas et al., 2010; Miron

et al., 2013; Perdiguero et al., 2011; Pull et al., 2005; Saclier
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et al., 2013; Varga et al., 2016). The early phase of the regenera-

tive response is dominated by pro-inflammatory macrophages,

derived from circulating monocytes, which participate in debris

clearance and SC activation. Hemocytes (immune cells in inver-

tebrates) also regulate SC activation in flies (Ayyaz et al., 2015),

suggesting that the role of innate immune cells in the regulation

of regeneration is evolutionarily conserved. Following the pro-in-

flammatory stimulus, macrophages shift into anti-inflammatory

phenotypes that coordinate cell differentiation and tissue recon-

struction. The shift is intrinsically coordinated in macrophages

(Mounier et al., 2013; Perdiguero et al., 2011) and is blocked if

phagocytosis is inhibited (Arnold et al., 2007; Aurora and Olson,

2014).

There are also examples in which macrophages acquire anti-

inflammatory phenotypes, independently of previous inflamma-

tory signals, such as macrophages recruited via a non-vascular

route (Wang et al., 2007) and tissue-resident macrophages (Jen-

kins et al., 2011; Jenkins et al., 2013). The latter exist in several

organs and include lung alveolar macrophages, liver Kupffer

cells, epidermal Langerhans cells, and brain microglia and

persist independently of peripheral recruitment (Guilliams et al.,

2013; Hashimoto et al., 2013; Schulz et al., 2012). The relative

contribution of local versus monocyte-derived macrophages to

regeneration is still under investigation. Nevertheless, the impor-

tance of these cells as modulators of regenerative capacity, and

the relevance of the pleiotropy of phenotypes involved in this

regulatory process, that extend beyond only inflammatory and

anti-inflammatory macrophages are increasingly recognized

(Wynn and Vannella, 2016). Thus, immune modulation targeted

at harnessing the pro-repair functions of macrophages may be

an effective way to promote regeneration in old patients. In

fact, one important observation in studies using heterochronic

parabiosis is that the positive effects of the young systemic envi-

ronment on neural repair depend on the recruitment of young cir-

culatory monocytes (Ruckh et al., 2012) and correlate with

increased densities of young anti-inflammatory macrophages

at lesion sites (Miron et al., 2013). This is attributed to non-cell-

autonomous effects of young monocytes recruited into the

lesion site that are able to rejuvenate the lesion environment

and promote an anti-inflammatory phenotype that is usually defi-

cient in lesions from old mice (Miron et al., 2013). Aging of the

innate immune system itself may thus contribute to the age-

associated loss of regenerative capacity, and the immunemodu-

latory potential of young macrophages may be sufficient to

improve the endogenous regenerative potential of old tissues.

Aging of the innate immune system is complex. Old mono-

cytes/macrophages are dysfunctional and less efficient in

fighting infections, yet they also present a state of chronic activa-

tion associated with increased and persistent production of in-

flammatory cytokines (Hearps et al., 2012; Qian et al., 2012;

Shaw et al., 2013). These cells are also deficient in phagocytic

activity, a critical trigger for the anti-inflammatory switch in

macrophage function during tissue repair. Impaired phagocytic

activity of old macrophages may thus contribute to the defi-

ciency in anti-inflammatory macrophages found at lesion sites.

Moreover, tissue-resident macrophages in old animals can

also be dysfunctional and chronically activated (Damani et al.,

2011), which can further contribute to the compromise of tissue

regenerative capacity (Ekdahl et al., 2003).
Beyond macrophages, other classes of immune cells have

also been implicated in the regenerative process. Dendritic

epidermal T cells (DETCs) are essential for proliferation and tis-

sue re-epithelialization after skin wounding (Jameson et al.,

2002). Recent work showed that DETCs are regulated through

an epithelial-immune crosstalk, where keratinocytes upregulate

Skint genes required for activation and maintenance of DETCs

(Keyes et al., 2016). This crosstalk is impaired in aged skin,

where keratinocytes fail to activate DETCs, resulting in defective

wound-healing, and it can be restored by re-activation of STAT-

regulated Skint levels (Keyes et al., 2016). T regulatory cells

(Tregs) have also received special attention recently due to their

ability to dampen inflammatory responses and promote tissue

repair in the skeletal muscle, heart, skin, kidney, and brain (Bur-

zyn et al., 2013; Gandolfo et al., 2009; Nosbaum et al., 2016; Ra-

poso et al., 2014; Villalta et al., 2014; Wan et al., 2015; Weirather

et al., 2014). Tregs promote regeneration through several mech-

anisms, including the promotion of anti-inflammatory pheno-

types of macrophages, reduction of effector T cells and associ-

ated pro-inflammatory signals, and activation of stem/progenitor

cells (Lei et al., 2015). At least in the skeletal muscle, this mech-

anism of immune regulation is also affected by aging: recruit-

ment of Tregs into skeletal muscle injury sites is impaired in old

animals, contributing to age-related loss of regenerative capac-

ity (Kuswanto et al., 2016). This deficiency is associated with

impaired production of Il-33 locally and Il-33 supplementation

can restore regenerative capacity of the skeletal muscle (Kus-

wanto et al., 2016). Fibro-Adipogenic Progenitor (FAP)-like cells

are a major source of Il-33 and were found to be localized pref-

erentially within nerve structures. These findings highlight the

importance of stromal cells (FAPs) as a source of immunemodu-

latory factors during regeneration and suggest that neuro-im-

mune interactions may also be important regulators of skeletal

muscle regenerative capacity in aging.

Several other lymphoid cell types have been implicated in the

regenerative process, particularly in barrier epithelia such as the

intestine, where immune cells participate in the defense against

pathogen infection in addition to their role in tissue repair (Karin

and Clevers, 2016). In these systems, neuro-immune interac-

tions are also important coordinators of regeneration and inflam-

matory responses (Veiga-Fernandes and Mucida, 2016): in the

intestine, innate lymphoid cells sense damage through glia-

derived neurotrophic signals. In response, these cells upregulate

production of Il-22, a cytokine important in gut inflammation

(Ibiza et al., 2016) and intestinal SC function (Lindemans et al.,

2015). The effects of aging in neuro-immune interactions in bar-

rier epithelia are yet to be determined. Nevertheless, deregula-

tion of neuro-immune interactions in the brain has been reported

to play an important role in aging. NF-kB activation in hypotha-

lamic microglia (the resident immune cells of the central nervous

system) promotes TNFa production, which stimulates NF-kB

signaling in local neurons. In turn, increased NF-kB signaling in

hypothalamic neurons results in epigenetic repression of the

GnRH gene, leading to reduced GnRH release, which acceler-

ates the development of several age-related phenotypes (Zhang

et al., 2013b). Importantly, GnRH restoration can rescue several

age-related physiological dysfunctions, including the loss of

neural SC function, suggesting that immune inhibition in the

hypothalamus may represent a potential strategy to improve
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age-associated impairments systemically by regulating neuro-

immune interactions locally.

The findings described above introduce immune modulation

aimed toward harnessing the anti-inflammatory potential of im-

mune cells to promote endogenous repair mechanisms as a

promising strategy to improve regenerative capacity in aging tis-

sues (Table 1). This strategy likely applies not only to tissues

where regeneration is sustained by an endogenous adult SC

population, but also in cell-replacement-based regenerative

therapies. A proof of principle for such an approach is a recent

study in which mesencephalic astrocyte-derived neurotrophic

factor (MANF) was used to enhance the success of cell-replace-

ment therapies in the retina, improving cell integration and vision

recovery following transplantation (Neves et al., 2016). In this

study, we discovered that MANF, a previously described neuro-

trophic factor derived from neural glia, is also expressed in im-

mune cells and has an autocrine immune modulatory function

promoting anti-inflammatory activation. Importantly, the immune

modulatory function of MANF is essential for its neuroprotective

and tissue-repair-promoting activities in the retina (Neves et al.,

2016), highlighting the importance of immune modulation in

regenerative success. IGF-1 is yet another neurotrophic factor

also shown to improve the success of cell-replacement thera-

pies in the retina when delivered via viral vectors prior to trans-

plantation (West et al., 2012). Notably, in other regenerative

and inflammatory contexts, IGF-1 also displays an immune

modulatory function that alleviates inflammation by promoting

anti-inflammatory phenotypes of macrophages in an autocrine

manner (Tonkin et al., 2015) or by promoting recruitment of Tregs

with anti-inflammatory activity (Johannesson et al., 2014). These

functions are likely contributors to the improved regenerative

success observed in the retina. The beneficial effect of IGF-1

in regenerative capacity, however, extends beyond the regula-

tion of inflammation, suggesting a broad effect on different

cellular targets (Mourkioti andRosenthal, 2005). Themultitasking

capacity of neurotrophic factors in the context of a regenerative

response was also appreciated in the hematopoietic system.

HSCs express the GDNF family of ligands (GFLs) receptor

RET, and GFL signaling through RET in HSCs promotes survival,

expansion, and in vivo transplantation efficiency (Fonseca-Per-

eira et al., 2014). Although none of these neurotrophic factors

has been specifically tested in the aging context as a means to

improve regeneration, they represent good candidates to modu-

late regenerative capacity by simultaneously promoting neuro-

protection, modulating the immune environment, and enhancing

SC function.

Another recent study has provided further evidence for the

usefulness of immune modulation in the success of regenera-

tive therapies: in this case, ECM-derived biomaterial scaffolds

are used to promote regenerative success by modulating the

immune microenvironment in traumatic muscle wounds (Sad-

tler et al., 2016). The effects are mediated by T helper 2 cells,

which promote anti-inflammatory polarization of local macro-

phages in an Il-4-dependent manner, potentiating functional

tissue regeneration (Sadtler et al., 2016). Notably, the local

administration of the scaffolds influences T cell responses sys-

temically. This suggests that local biomaterial-based therapies

may promote type 2 immunity systemically, which may be

beneficial in situations where chronic inflammation is detri-
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mental for regenerative capacity in several tissues, as it hap-

pens in aging.
Conclusions and Perspectives
Advances in regenerative medicine and the advent of SC

therapies, now progressing into clinical trials (Trounson and

McDonald, 2015), will likely elucidate current limitations to the

application of SCs to treat disease. Because older individuals

are more likely to suffer from chronic degenerative conditions

that would benefit from regenerative therapies, it is imperative

to address the roadblocks imposed by aging to SC-based ther-

apeutic interventions. Our growing understanding of the basic

mechanisms of organismal aging has uncovered critical limita-

tions in the repair capacity of old tissues and highlights the ne-

cessity to coordinate SC-specific interventions with niche and

systemic modulation to improve regenerative success.

In the work discussed here, we point to interventions with sig-

nificant success in pre-clinical studies (Table 1). These include

ablation of senescent cells, inhibition of inflammatory signaling,

modulation of immune cell phenotypes, and inhibition of different

intracellular signaling pathways chronically activated during ag-

ing. While so far promising, the translational success of these

early studies will require dealing with two major questions. First,

the pathways targeted by these interventions are often important

physiological regulators of regeneration, and their acute activa-

tion is critical for regenerative success. Thus therapeutic strate-

gies should aim tomodulate pathway activity for averting chronic

activation rather than complete suppression. Second, systemic

and local delivery of effector molecules may have effects in

multiple cell types simultaneously, sometimes with opposing

outcomes. Thus, identifying the cellular targets of each interven-

tion is an important next step to ensure that the clinical transla-

tion of these therapies takes into account possible side effects.

We anticipate that further studies in defined model systems

will facilitate addressing these questions.
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Mounier, R., Théret, M., Arnold, L., Cuvellier, S., Bultot, L., Göransson, O.,
Sanz, N., Ferry, A., Sakamoto, K., Foretz, M., et al. (2013). AMPKa1 regulates
macrophage skewing at the time of resolution of inflammation during skeletal
muscle regeneration. Cell Metab. 18, 251–264.

Mourkioti, F., and Rosenthal, N. (2005). IGF-1, inflammation and stem cells: in-
teractions during muscle regeneration. Trends Immunol. 26, 535–542.
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