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ARTICLE INFO ABSTRACT

Aging frailty is a syndrome characterized by a progressive decline in health and clinical symptoms of exhaustion,
weight loss, a feeling of slowing down, and a decrease in functional capacity. The biological substrate for frailty
frailty is sarcopenia, which is potentiated by chronic inflammation and depletion or impairment of endogenous pre-
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geriatrics cursor and stem cells. Current interventions focus on interdisciplinary approaches which include nutritional
immunosenescence . . . s . . P . .

. . supplementation, physical exercise, and cognitive intervention. Clinical studies of these preventative approaches
inflammation

have shown inconsistent and modest benefits, further highlighting the unmet clinical need. A variety of phar-
macologic and biologic therapies are currently being tested to treat aging. Cell-based therapy represents an
attractive option that addresses the pathophysiology of the syndrome. Human allogeneic mesenchymal stem
cells (MSCs) which possess immunomodulatory and tissue reparative properties, have been tested in Phase I and
Phase II trials. These small early stage studies reveal that allogeneic MSCs administered to frail older adults are
feasible to administer, safe and potentially efficacious, ameliorating signs and symptoms of frailty. These studies
have formed the basis for larger ongoing trials. Here we review the pathobiology of frailty, and the potential for

regenerative medicine

developing biological strategies to treat this important syndrome.

1. Introduction

Aging frailty is a geriatric syndrome that increases in incidence with
advancing age, characterized by sarcopenia, inflammation, a loss of
ability to perform activities of daily living and diminution of physical
performance (Fried et al., 2001; Walston et al., 2017; Buckinx et al.,
2015). Frailty currently represents a growing public health problem
internationally, particularly in countries with populations of greatest
longevity (Crimmins and Beltran-Sanchez, 2011). Frailty increases the
risk for falls and is a major risk factor for mortality in individuals un-
dergoing surgical procedures particularly cardiac and orthopedic
(Partridge et al., 2012). Despite decades of research that have led to
increasing recognition of the clinical features and pathophysiology of
aging frailty, currently there are no approved medical or biological
treatments that reduce the symptoms of frailty or that improve func-
tional capacity, quality of life (QOL), or measures of health span in
affected individuals (Walston et al., 2018). Here we review the syn-
drome of frailty and the concept of using cell-based therapy as a bio-
logic candidate for this serious syndrome responsible for major

morbidity and mortality in affected individuals (Fig. 1).
2. Identification of frailty

The word frailty from the Latin “fragilis” means “easily broken”.
Frailty is a complex geriatric syndrome characterized by impaired
performance and reduced functional reserve of multiple body systems,
and is associated with increased risk for poor health outcomes including
falls, hospitalization, disability, and mortality (Fried et al., 2001;
Walston et al., 2017; Buckinx et al., 2015). There are several screening
tools to identify patients at high risk of adverse clinical outcomes in-
cluding prolonged recovery from illness, increased risk of falls, greater
functional impairment leading to disability and dependency, and
mortality.

Fried and colleagues in seminal work published in 2001 proposed a
clinical phenotype of frailty validated in the Cardiovascular Health
study as meeting three out of five phenotypic criteria: low grip strength,
self-reported exhaustion, slowed walking speed, low physical activity,
and unintentional weight loss (Fried et al., 2001). Each criterion is
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Fig. 1. Etiology/risk factors, potential mechanism, frailty phenotype and interventions for frailty.

categorized into a 3-level variable: robustness (normal), pre-frailty and
frailty (Fried et al., 2001; Bandeen-Roche et al., 2006). The frailty
phenotype does not require a preliminary clinical evaluation, and it
helps to delineate frailty from disability and comorbidity. However, the
frailty phenotype does not provide the biological understanding of
decreased reserves, therefore it does not allow for the detection of
frailty at the latent stage. An alternative tool for defining frailty is a risk
index (“frailty index”) validated in the Canadian Study of Health and
Aging. The frailty index is a cumulative deficit model that includes
disability, diseases, psychosocial risk factors, and physical and cogni-
tive impairments (Rockwood and Mitnitski, 2011; Ensrud et al., 2008).
The frailty score is measured by totaling the deficits of medical and
psychological conditions, and it is composed of 80 items. Although
calculation of the score is time consuming, it’s informative for the
continuous follow-up of a patient.

A clinically useful and validated tool to determine and grade the
severity of frailty is the Canadian study of health and aging clinical
frailty scale (CSHA) (Rockwood et al., 2005). This scale has been
modified by other groups such as the Chinese-Canadian study of health
and aging clinical frailty scale physician version (CSHA-CFS PV) (Chan
et al., 2010). CSHA-CFS PV is a 7-point scale assigned after compre-
hensive geriatric assessments. The score ranges from 1 (very fit) to 7
(severely frail). The same group proposed a CSHA-CFS telephone ver-
sion (CSHA-CFS TV) that allows the identification of potentially frail
subjects with a convenient algorithm. A number of other instruments
for frailty screening have been proposed, including FRAIL (Fatigue,
Resistance, Ambulation, Illnesses, and Loss of weight) (International
Academy of Nutrition and Aging) (Abellan van Kan et al., 2008), Frailty
Instruments for Primary Care of the Survey of Health, Aging and Re-
tirement in Europe (SHARE-FI) (Romero-Ortuno et al.,, 2010), the
Groningen Frailty Indicator (Peters et al., 2012), Vulnerable Elder
Survey-13 (Min et al., 2006), and the Tilburg Frailty Index (Gobbens
et al., 2010). Importantly, frailty must be accepted as a clinical diag-
nosis and a clinical syndrome, facilitating appropriate management.
The clinical diagnosis of aging frailty is recognized by the World Health
Organization and there is an ICD-10 code for frailty.

Previous studies have demonstrated the link between frailty and
cognitive performance, including perception speed, episodic memory,
working memory, immediate memory, attention, verbal fluency and the
clock drawing test (Fried et al., 2001; Buchman et al., 2008; Avila-
Funes et al., 2009). Moreover, there is association between frailty and
dementia, and increased prevalence of mortality in frail older in-
dividuals with cognitive impairment (Jacobs et al., 2011; Matusik et al.,
2012; Cano et al., 2012). It was recently proposed that measurement of
cognitive function should be added to physical performance for the
definition of frailty. Cognitive impairment may lead to increased risk of
acquiring individual components of frailty (Nyunt et al., 2017). For
example, depression has been associated with hippocampal atrophy and
subsequent cognitive impairments, and worsening of frailty (Panza
et al., 2010; Mezuk et al., 2012, 2013; Lohman and Mezuk, 2013). Both
frailty and cognitive impairment share many common risk factors and
underlying mechanisms (Malmstrom and Morley, 2013; Kelaiditi et al.,
2013), therefore a term of “cognitive frailty” has been introduced.
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Pathophysiological mechanisms such as oxidative damage and func-
tional changes in the hippocampus and prefrontal cortex are important
factors facilitating cognitive impairments (Bishop et al., 2010; Moreno-
Jimenez et al., 2019). Structural and functional changes to microglial
cells in the brain in combination with frailty may increase the risk of
adverse outcomes (Clegg et al., 2013). Moreover, inflammatory markers
such as CRP and IL-6 play important role in physical disability and
neurodegenerative disease.

3. Underlying biological changes contributing to aging and frailty

There is an ongoing quest to understand the biological under-
pinnings of aging. In this regard, Lopez-Otin et al (Lopez-Otin et al.,
2013) described nine cellular and molecular candidate hallmarks that
contribute to the aging process. These include genomic instability,
telomere attrition, epigenetic alterations, loss of proteostasis, deregu-
lated nutrient sensing, mitochondrial dysfunction, cellular senescence,
stem cell exhaustion, and altered intercellular communication (Lopez-
Otin et al., 2013). The biggest challenge is to define connections be-
tween these parameters and their contributions to aging, and then
identify potential pharmaceutical or biological targets designed to re-
verse aging.

There are several environmental factors that augment or contribute
to the development of frailty including chronic diseases, psychosocial
status, and physiological perturbation. Frailty is associated with mul-
tiple comorbidities such as cardiovascular disease (CVD), endocrine
diseases (diabetes mellitus), chronic obstructive pulmonary disease,
chronic kidney disease, anemia, stroke, Parkinson disease, osteoporosis,
osteoarthritis, depression, cognitive impairment, etc. (Liguori et al.,
2018; Kojima, 2017; Kalyani et al., 2012). Moreover, previous studies
have established links between chronic inflammation, autonomic ner-
vous system lability, and energy metabolism dysregulation and frailty
(Katayama et al., 2015; Michaud et al., 2013). Each of these patholo-
gical processes may accelerate the development of frailty.

Frailty is also associated with stem cell depletion and exhaustion.
The stem cell function is characterized by decreased survival, pro-
liferation, differentiation, and homing capacity. Cell-based therapy re-
presents a promising approach to ameliorate and prevent development
of frailty. MSCs are one of the most promising cell types used in re-
generative medicine (Florea et al., 2017; Hare et al., 2017), since they
are immunoprivileged (Hare et al., 2017). They possess antifibrotic,
neoangiogenic, cardioprotective, and immunomodulatory effects
(Uccelli et al., 2008; Ren et al., 2008; de Witte et al., 2018) mediated by
contact-dependent intercellular interactions, the secretion of soluble
factors, and through mitochondrial transfer (Liang et al., 2014). The
results of two completed small early phase studies that used MSC in-
fusion in frail individuals demonstrated safety and potential efficacy
with improvements in physical activity, QOL, cognitive function, en-
dothelial function, and levels of inflammatory biomarkers (Golpanian
et al., 2017a; Tompkins et al., 2017a).
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4. Aging-associated changes in the immune system

Age-related alterations in immune system function, a process
termed immunosenescence, represent a major risk factor for increased
susceptibility of older individual to disease. A major factor underlying
immunosenescence is prolonged antigenic stimulation across life span
(Gruver et al., 2007). The age-associated immunologic changes vary
across older adults, and evidence suggests that there is an important
association between degree of frailty and immune-competency (Fulop
et al., 2010).

The functions of the innate-to-adaptive ‘immune bridging’ popula-
tions (natural Killer; invariant Natural Killer cells; and y8 T cells) ap-
pear to be better preserved with age than either the innate (neutrophils;
monocytes/macrophages; myeloid-derived suppressor cells; and den-
dritic cells) or the adaptive (T cells - CD4 + and CD8 +; B cells) immune
cells. Impaired neutrophil function is implicated in increased infectious
disease risk that occurs in older as compared to younger (Jackaman
et al., 2017). At the cellular level, neutrophil number and adhesive
capabilities are unchanged with aging, while chemotactic responses and
migratory function are reduced (Fulop et al., 2004; Sapey et al., 2014).
In addition, some reports show that phagocytosis and production of
reactive oxygen species by neutrophils are compromised with age
(Tseng and Liu, 2014).

Frailty has also been associated with immune changes, including
increased neutrophil:lymphocyte ratio and increased myeloid-derived
suppressor cells (Elias et al., 2018). A change from a naive to a memory
lymphocyte phenotype also occurs with advancing age. This modifica-
tion could explain the reduced ability of older adults to produce im-
mune responses to antigens that they have not previously encountered
(Lavy-Shahaf et al., 2014). In addition, there is a inversion of the
CD4:CD8 ratio; the decline in CD4 + T cell numbers in older in-
dividuals is a marker of immunosenescence and predicts mortality
(Hadrup et al., 2006).

Furthermore, aging is associated with increased levels of circulating
cytokines and pro-inflammatory markers. In frailty, the immune phe-
notype is dysregulated due to chronic inflammation known as “in-
flammaging” a phenotype characterized by elevated levels of inter-
leukin (IL)-1, IL-6, IL-8, IL-13, IL-18, C-reactive peptide (CRP), tumor
necrosis factor-alpha (TNF-a), interferon (IFN)-a and IFN-f, trans-
forming growth factor-f3 (TGF-f3), and serum amyloid A (Mitnitski et al.,
2015). In particular, cohort studies have indicated increased TNF-a and
IL-6 levels as markers of frailty (Michaud et al., 2013). The chronic
activation of Toll-like receptors, a consequence of the accumulation of
reactive oxygen species during the aging process, also helps to trigger
and intensify the inflammatory process (Cannizzo et al., 2011; Dewan
et al., 2012).

5. Frailty, cardiovascular disease and endothelial dysfunction

The prevalence of CVD increases in individuals > 65 years of age,
particularly in those > 80 years of age (Heidenreich et al., 2011). Ap-
proximately 50% of patients with CVD, such as coronary heart disease,
angina, myocardial infarction, hypertension, heart failure (HF) with
reduced ejection fraction, and HF with preserved ejection fraction de-
velop frailty (Afilalo et al., 2009; Paneni et al., 2017). Moreover, frailty
is a strong predictor of mortality in patients with CVD (Afilalo et al.,
2009), as shown in a meta-analysis of nine studies that included 54,250
elderly patients (Fig. 2). As mentioned above, the pathophysiology of
CVD and frailty are linked with perturbations in the inflammatory
system (Michaud et al., 2013). Some inflammatory biomarkers, such as
CRP, IL-6, factor VIII, and D-dimer, play a role in the pathogenesis of
both processes (Tracy, 2003; Lang et al., 2010; Ershler and Keller,
2000).

Alterations in the structure and function of the cardiovascular
system accompany aging, and contribute to increased risks of CVD
development (Paneni et al., 2017; Newman et al., 2008). With aging,
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Fig. 2. Mechanistic interconnections between frailty and cardiovascular disease
(CVD).

two main processes are involved in the phenotypic alteration of cardi-
ovascular system: central arterial stiffness, due to increased collagen
and decreased elastin, and endothelial dysfunction (Celermajer et al.,
1994). The increased arterial stiffness elevates systolic pressure that
leads to systolic hypertension, a major risk factor for CVD, which is
difficult to control in elderly patients (Chobanian, 2007). Diminished
bioavailability of nitric oxide (NO), a major mediator of vasodilatation,
underlies age-dependent endothelial dysfunction (Taddei et al., 2001).
Endothelial dysfunction includes reduced vasodilatory and antith-
rombotic properties, with an increase in oxidative stress and in-
flammatory cytokines (Delp et al., 2008) favoring atherogenesis and
thrombosis, and predisposing to CVD (Lakatta, 2003). Accordingly,
understanding the mechanisms by which age affects the cardiovascular
system is crucial in order to prevent or attenuate progression of CVD in
frail elderly individuals.

6. Frailty and skeletal muscle performance

Sarcopenia, dynapenia, and loss of strength with aging are im-
portant precursors to frailty (Wilson et al., 2017). Sarcopenia is char-
acterized by muscular degeneration caused by the altered pro-in-
flammatory state, and is characterized by progressive and generalized
loss of skeletal muscle mass and strength (Hubbard et al., 2009;
Newman et al., 2001). Circulating pro-inflammatory molecules affect
the repair and turnover of many tissues, including skeletal muscle
(Franceschi and Campisi, 2014). Chronic inflammatory state is char-
acterized by reduced synthesis and activity of insulin-like growth factor
1(IGF-1) that is crucial for muscle repair and maintenance of muscle
integrity (Yakar and Adamo, 2012). IGF-1 activity is inhibited by high
levels of IL-1, IL-6 and TNF-a. Importantly, high levels of IL-6 and low
levels of IGF-1 correlate with lower muscle strength and power, and
synergistically contribute to progressive disability and death (Cappola
et al., 2003). Inflammation also impairs the uptake of long branched-
chain amino acids, including leucine, isoleucine, tryptophan, serotonin,
and methionine, that are essential for muscle anabolic processes
(Moaddel et al., 2016). The preliminary results of the “BIOmarkers
associated with Sarcopenia and Physical frailty in EldeRly pErsons”
(BIOSPHERE) trial (Calvani et al., 2018a) showed that older adults with
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physical frailty and sarcopenia had lower circulating levels of the es-
sential amino acid methionine compared to control (Calvani et al.,
2018b). Similarly, low plasma level of essential amino acids char-
acterized the amino acid profile of severely frail Japanese older patients
compared with non-frail subjects (Adachi et al., 2018).

7. Preclinical and clinical studies on frailty

Currently there are no proven interventions for the prevention and
treatment of frailty. An interdisciplinary approach which includes nu-
tritional modulation, cognitive intervention, and physical activity may
attenuate the onset and progression of frailty (Bartali et al., 2006; Clegg
et al., 2012; Theou et al., 2011; Pahor et al., 2018).

7.1. Non-pharmacological interventions for frailty

Nutritional modulation is one of the approaches to delay frailty.
Nutritional interventions include identifying possible causes for re-
duced appetite, initiating oral supplementation, optimizing fluid intake,
correcting metabolic acidosis, and promoting adequate vitamin D up-
take.

Poor nutrient intake is associated with frailty in older adults (Bartali
et al., 2006). An intake of <21 kcal/kg/day and a low intake of more
than three nutrients (protein, vitamins D, E, and C, and folate) are re-
lated to exhaustion and decreased muscle strength, both of which are
frailty criteria. After increasing energy intake, the feeling of exhaustion
is reduced (Bartali et al., 2006). However, muscle strength does not
improve, suggesting that the quality of the diet plays a major role in
muscle strength (Bartali et al., 2006). It has been demonstrated that the
optimal protein intake in older persons with sarcopenia is 1.0-1.2¢g
protein per kilogram body weight per day, and for those who are ex-
ercising the protein intake is > 1.2 g per kg body weight per day (Bauer
et al., 2013). Additionally, protein supplementation enriched in essen-
tial amino acid leucine and vitamin D in older adults with sarcopenia at
high risk for disability significantly increased muscle mass and im-
proved chair-stand test, but not the handgrip strength and Short Phy-
sical Performance Battery scores (Bauer et al., 2015).

While poor nutrient intake is associated with frailty, caloric re-
striction without malnutrition ameliorates and reduces symptoms of
frailty (Yamada et al., 2018). Yamada et al (Yamada et al., 2018)
conducted a 30 year longitudinal study where biometric, physical ac-
tivity, and metabolic data were used to evaluate frailty phenotype in a
monkey model. Weakness, poor endurance, slowness, and low physical
activity level were significantly greater in control compared with cal-
orie restriction as was total incidence of frailty (Yamada et al., 2018).
Moreover, caloric restriction improved muscle regenerative capacity by
improving satellite cell function in the old skeletal muscle (Cerletti
et al., 2012) and preservation of muscle mass and strength with aging
(Colman et al., 2008).

Exercise is another therapeutic modality for frailty. Exercise
training has been tested for its ability to slow the decline of muscle
function in older adults in numerous trials. Improvements in muscle
strength and mobility (Clegg et al., 2012; Theou et al., 2011) are among
the most successful changes reported. Most of the studies concluded
that resistance training can stabilize or increase muscle mass and delay
the development of sarcopenia (Churchward-Venne et al., 2015). A
randomized, placebo-controlled trial compared resistance exercise
training, multinutrient supplementation, both interventions, or neither
intervention (control group) in frail adults over a period of 10 weeks.
There was a substantial increase in muscle strength, gait speed, stair
climbing power, and spontaneous activity in the resistance exercise
training group. However, the reported results were inconsistent and did
not show a reduced incidence of sarcopenia due to the short follow-up
period (Fiatarone et al., 1994).

Studies suggest that vitamin D is involved in the pathogenesis and
management of frailty (Artaza-Artabe et al., 2016). Supplementation
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with vitamin D in older adults who are 25(0OH) vitamin D deficient
reduces falls (Murad et al., 2011), hip fractures (Bischoff-Ferrari et al.,
2012), mortality (Rejnmark et al., 2012), and may improve skeletal
muscle function (Muir and Montero-Odasso, 2011). A meta-analysis of
53 trials showed that vitamin D supplementation alone is unlikely to
prevent fractures in older adults (Avenell et al., 2014), whereas sup-
plementing vitamin D in combination with calcium can prevent hip or
other types of fractures (Avenell et al., 2014). Conversely, another
study demonstrated that daily doses of =800 IU of vitamin D alone can
improve balance and skeletal muscle streght (Muir and Montero-
Odasso, 2011).

The FIT trial (Randomized Controlled Trial of Community-based
Nutritional, Physical and Cognitive Training Intervention Programmes
for At Risk Frail Elderly), compared the effects of 6-month-duration
interventions with either nutritional supplementation, cognitive
training, physical activity, the combination of treatments, or usual care
control in pre-frail and frail older adults (Ng et al., 2015). Primary
outcomes included frailty score, body mass index, knee extension
strength, gait speed, energy/vitality, and physical activity levels. Sec-
ondary outcomes included activities of daily living dependency, hos-
pitalization, and falls. Frailty score and status over 12 months were
significantly improved in the 4 groups with interventions compared to
control. Several physical frailty symptoms improved, including knee
strength, physical activity, gait speed, and energy. However, none of
the interventions improved the secondary outcomes, which included
hospitalizations, falls, and performance of daily activities (Ng et al.,
2015).

7.2. Pharmacological interventions for frailty

Pharmacological agents, including oral hypoglycemic agents
(Laksmi et al., 2017), angiotensin-converting enzyme inhibitors (ACEI),
selective androgen-receptor modulators (Narayanan et al., 2018), me-
gestrol (an appetite stimulant) (Sullivan et al., 2007), testosterone
(Emmelot-Vonk et al., 2008) have been investigated in frailty preven-
tion and treatment, with controversial and inconclusive results.

Metformin is an antidiabetic drug that has been used to prevent
frailty and ameliorate its progression (Laksmi et al., 2017; Wang et al.,
2017). In a double blind randomized, placebo-controlled trial con-
ducted on non-diabetic elderly pre-frail patients, metformin treatment
significantly improved gait speed, but not handgrip strength (Laksmi
et al.,, 2017). Another observational study found that metformin re-
duced the development of age-related comorbidity, including frailty-
related diseases, CVD, cancer, and depression in older men with type 2
diabetes Wang et al., 2017). Finally, a recent meta-analysis revealed
that metformin reduces all-cause mortality and ageing-related diseases
independent of its effect of diabetes control (Campbell et al., 2017).

ACEI improve the structure and biochemical function of skeletal
muscle (Schaufelberger et al., 1996), halt or slow the decline in muscle
strength in elderly adults (Onder et al., 2002) and improve exercise
capacity and maintain health-related QOL (Sumukadas et al., 2007).

Testosterone improves muscle strength but it also increases adverse
cardiovascular and respiratory outcomes (Basaria et al., 2010). Im-
portantly, testosterone undecanoate in combination with high calorie
supplementation do not improve frailty scores (Theou et al., 2016).
Likewise, IGF-1 therapy exhibits no beneficial effects on bone mineral
density, fat mass, muscle strength, blood lipid parameters, and levels of
postprandial glucose in postmenopausal women (Friedlander et al.,
2001). Similarly, 2 years of supplementation with dehydroepian-
drosterone sulfate in frail patients did not improve physical perfor-
mance and QOL (Nair et al., 2006).

These studies suggest that ongoing testing of new strategies tar-
geting some of the mechanisms involved in ageing are needed to pre-
vent development of aged-related diseases, frailty and disability in
older individuals.
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8. Regenerative therapy for frailty
8.1. Stem cell depletion and exhaustion in aging

The decrease in stem cells residing within the niche and the lack of
stem cell regenerative capacity, leading to an impaired ability to repair
organs and tissues, is one of the main characteristics of aging (Carlson
and Conboy, 2007), which can be exacerbated by comorbidities that
lead to frailty. The stem cell function is compromised and is char-
acterized by decreased survival, proliferation (Stenderup et al., 2003),
differentiation, migration, and homing capacity (O’Driscoll et al.,
2001).

Effects of aging have been studied in multiple cell lines, including
hematopoietic stem cells (HSCs), MSCs, skeletal muscle stem (satellite)
cells and intestinal epithelial stem cells. Aging of HSCs is associated
with the accumulation of random DNA damage, cell cycle arrest, and
telomere shortening (Rossi et al., 2007; Attema et al., 2009). These
processes lead to decreased self-renewal, homing ability, and increased
apoptosis with stress. Cellular senescence biomarker pl16INK4a accu-
mulates and modulates age-associated HSC function. Notably, the ab-
sence of p16INK4a improves engraftment and cell survival, and reduces
mortality (Janzen et al., 2006). In contrast, p16INK4a + cells in thigh
adipose tissue is associated with poor physical function in older women
(Justice et al., 2018), suggesting that senescent cells might also play a
role in the pathogenesis of sarcopenia.

BM-MSCs showed age-related decrease in proliferation and differ-
entiation and increase in senescence. MSC depletion and impairment
has been related to osteoporosis and decrease in fracture repair (Liu
et al., 2015). Transplantation of young MSCs significantly slow the age-
related loss of bone microstructure and density (Shen et al., 2011), and
increases life span of aged rodents (Shen et al., 2011; Mansilla et al.,
2016).

As mentioned above, sarcopenia, an underlying pathophysiologic
substrate for frailty, has been linked to a significant decline in satellite
cell regenerative capacity, which is critical for skeletal muscle repair
following injury (Walston, 2015). Aging of satellite cells is character-
ized by a decline in stem cell numbers and functionality, and is asso-
ciated with defects in self-renewing mechanisms, exhaustion by forced
differentiation, apoptosis and senescence (Sousa-Victor et al., 2014,
2015). Lavasani et al. showed that administration of satellite cells from
young healthy mice to progeroid mice promoted significant lifespan
and healthspan extension. Moreover, it led to muscle regeneration and
host neovascularization, suggesting that therapeutic effect is mediated
by secreted factors that act systemically (Lavasani et al., 2012). Based
on the preclinical data indicating the beneficial effects of cell-based
therapy in age-related conditions, administration of allogeneic cells
from healthy young adults may have therapeutic value for ameliorating
and delaying aging-related function decline and improve the symptoms
of frailty.

8.2. Immunomodulatory, anti-inflammatory, and antimicrobial effects of
mesenchymal stem cells

Mesenchymal stem cells (MSCs) are multipotent progenitor cells
characterized by self-renewal, production of clonal cell populations,
and multilineage differentiation (Caplan, 1991). They lack the major
histocompatibility complex (MHC) / human leukocyte antigen class II
molecules making them suitable for allogeneic MSC therapy with no
immunosuppression. In addition to their antifibrotic, neoangiogic, and
cardioreparative properties, MSCs also possess immunomodulatory
properties (Uccelli et al., 2008; Ren et al., 2008) and are under in-
vestigation as a potential immunotherapy (de Witte et al., 2018). These
various MSCs effects can be mediated by contact-dependent inter-
cellular interactions and the secretion of soluble factors such as growth
factors, matrix proteins and cytokines, as well as through mitochondrial
transfer and secretion of extracellular vesicles and exosomes (Fig. 3)
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(Liang et al., 2014).

MSCs influence the immune system in several ways. They play a role
in regulating the innate immune response, by inhibiting maturation and
antigen-presenting capacity of dendritic cells (Le Blanc and Davies,
2015; Jiang et al., 2005), and decreasing proliferation and cytotoxicity
of natural killer cells (Spaggiari et al., 2008). They also suppress the
adaptive immune response, by inhibiting both CD4+ helper, CD8 +
cytotoxic T cell, and B cell proliferation and function. Additional im-
munomodulatory effects of MSCs exerted through direct intercellular
contact include the induction of regulatory B-cells and T-cells, and
deviation of monocyte/macrophage and dendritic cells to anti-in-
flammatory phenotype (de Witte et al., 2018). Pro-inflammatory cyto-
kines present in the inflammatory environment stimulate the MSC im-
munosuppressive potential. MSCs reduce the expression of pro-
inflammatory cytokine through paracrine mechanisms by sections of
anti-inflammatory factors such as TGF-f, hepatocyte growth factor
(HGF), NO, heme oxygenase (HO)-1, indoleamine 2,3-dioxygenase) and
the expression of inhibitory co-stimulatory molecules such as TNF-re-
lated apoptosis-inducing ligand (TRAIL), programmed death ligand
(PD-L1) that work together and influence the effector populations
(Kyurkchiev et al., 2014). Moreover, recent data suggest that MSCs in
the inflammatory environment induce phenotypic and functional
changes in monocytes, which then modulate the adaptive immune cell
compartment (de Witte et al., 2018; Braza et al., 2016). These im-
munoregulatory properties of MSCs provide new insight into potential
treatments for tissue damage and inflammation.

In addition to the anti-inflammatory effects, antimicrobial effects
are also attributed to MSCs (Alcayaga-Miranda et al., 2017; Mezey and
Nemeth, 2015), including direct inhibitory effects on bacterial growth
and indirect effects via secretion of immune-mediators that activate
inflammatory cells. MSCs enhance the microbicidal activity of macro-
phages by promoting the transformation of naive macrophages into
inflammatory M1 macrophages, without enhancing their antigen pre-
senting cell function in response to a pathogenic insult (Vasandan et al.,
2016). The conversion of already active M1 macrophages into anti-in-
flammatory M2 macrophages is also induced by MSCs, helping to re-
solve the hyper-inflammatory state (Vasandan et al., 2016). The in-
direct effects of MSCs on bacterial growth may be mediated by secretion
of immune-mediators such as IL-6, IL-8, granulocyte-macrophage
colony-stimulating factor and macrophage migration inhibitory factor
that recruit neutrophils and enhance neutrophil antimicrobial activity
(Brandau et al., 2014). Both, the MSCs and MSC-derived conditioned
medium reduce the growth rate and survival of some pathogens such as
Pseudomonas aeruginosa, Staphylococcus aureus and Streptococcus
pneumoniae (Sutton et al., 2016). These properties of MSCs contribute to
patient responses against invading pathogens, which may be relevant
for preventing or treating frailty, which significantly exacerbates mor-
bidity and mortality.

8.3. Mesenchymal stem cells for cardiovascular disease

Cell-based therapy is a novel approach with a potential to attenuate
age-related CVD. For treating CVD, MSCs are one of the most promising
cell types used in regenerative medicine (Florea et al., 2017; Hare et al.,
2017). Several trials evaluated the effects of bone marrow (BM)-derived
MSCs in patients with chronic heart disease (Heldman et al., 2014). The
results demonstrated that MSCs administration improves LV structure
and function, perfusion defects, functional capacity, as assessed by
improved 6 min walk test (6MWT), QOL measured by Minnesota Living
with Heart Failure Questionnaire score, and NYHA classification
(Heldman et al., 2014; Mathiasen et al., 2015). The lack of MHC class II
antigens and the ability of MSCs to secrete anti-inflammatory cytokines,
underlies the absence of a major immune response following adminis-
tration of allogeneic MSCs (Karantalis et al., 2015), and has generated
great interest in using these cells for systemic and local application
without the need for immunosuppression (Hare et al., 2017). The
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Fig. 3. Immune profile of mesenchymal stem cells (MSCs).

Table 1

Potential effects and mechanism of mesenchymal stem cells in patients with frailty.

Frailty symptoms Potential MSC effects

Potential mechanisms

Unintentional weight loss | chronic inflammation

A feeling of fatigue | chronic inflammation,  pulmonary function

Muscle loss and weakness 1 physical activity (six minute walk distance)
Slow walking speed
function
Low levels of physical activity
distance), 1 quality of life

1 physical activity (six minute walk distance), 1 pulmonary

| chronic inflammation, 1 physical activity (six minute walk

| chronic inflammation (| TNF-a, | CRP, | IL-1, | IL-6, 1 TGF-P), | onset of
sarcopenia

| chronic inflammation (| TNF-a, | CRP, | IL-1, | IL-6, 1 TGF-f), 1 endothelial
function, 1 pulmonary function (FEV1)

1 skeletal muscle performance, | cardiac function performance, | onset of
sarcopenia, | endothelial function

1 skeletal muscle performance, | cardiac function performance, 1 pulmonary
function (FEV1), 1 endothelial function

| chronic inflammation (| TNF-a, | CRP, | IL-1, | IL-6, 1 TGF-f), 1 skeletal
muscle performance, | cognitive status

POSEIDON trial compared transendocardial stem cell injection of au-
tologous vs. allogeneic MSCs in patients with ischemic cardiomyopathy.
Both cell groups exhibited decreased myocardial remodeling and the
cells were equally safe and produced an improvement in global and
segmental LV contractility (Hare et al., 2012). In the recent POSEIDON
DCM trial, transendocardial injection of allogeneic and autologous
MSCs were compared in patients with non-ischemic dilated cardio-
myopathy. The study demonstrated the safety of both cell types. Allo-
geneic MSC produced improvements in cardiac function, functional
capacity and QOL, endothelial function, and pro-inflammatory and
immune biomarkers. A post hoc analysis from the TRIDENT and POS-
EIDON DCM studies showed that unlike autologous BM-MSCs, allo-
geneic cells improved endothelial function measured by EPC pro-
liferation and flow mediated vasodilation (Premer et al., 2015), two
parameters that are impaired in HF and frailty. Taking into considera-
tion that MSCs improve cardiac function, functional capacity, en-
dothelial function and serum TNF-a in patients with heart disease, and
CVD and frailty share the same pathophysiological processes, suggests
that MSCs are a great candidate cell type for patients with frailty.
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8.4. Novel therapeutic strategies for frailty

Currently, recommended therapies are limited to dietary modifica-
tions and exercise training. Given the increasing awareness of the un-
derlying biology driving the process of frailty, there is an increased
interest in treatments that have the potential to modify the aging pro-
cess or to ameliorate factors that drive frailty. One particularly intri-
guing approach is to use cell-based therapy, with a lead candidate
MSCs. MSCs have been shown to home to injury sites. They secrete
bioactive molecules to reduce inflammation, induce tissue recovery,
improve cardiovascular status in patients with HF, promote cellular
repair, and possess immunomodulatory effects (Golpanian et al., 2016).
Therefore, MSC administration in individuals with frailty support the
idea of MSCs use to ameliorate or improve this syndrome (Table 1). To
date there are two clinical trials that investigated the role of MSCs
transplantation in frail older individuals.

The first study was the CRATUS (NCT02065245) phase I, open-
label, dose escalation, pilot trial in which allogeneic BM-MSCs were
administered to 15 patients to investigate the safety and efficacy of
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Fig. 4. Change in functional activity, quality of life and serum tumor necrosis factor alpha after administration of mesenchymal stem cells (MSCs) in frailty.

allogeneic MSCs for patients experiencing mild to moderate frailty
(Golpanian et al., 2017b). The patients received either 50, 100, or 200
million (M) allogeneic MSCs via intravenous infusion (5 patients per
group). The primary endpoint was safety assessed by the incidence of
treatment-emergent serious adverse events (TE-SAEs) at 1 month post-
MSC infusion. Additional safety was monitored by serious adverse
events, adverse events, and clinical laboratory tests within 12 months
post-infusion. The secondary outcomes were physical function assess-
ments evaluated via 6MWT, handgrip strength, QOL evaluated via the
SF-36 and EQ-5D questionnaires, patient-reported health status, and
systemic inflammatory status measured at 3 and 6 months post-infu-
sion. The MSC administration was well tolerated in frail individuals at
all three doses. There were no TE-SAEs recorded, and no patient de-
veloped donor specific antibodies. The 6MWT, forced expiratory vo-
lume in 1s (FEV1), cognitive status, as assessed by the Mini Mental
State Examination (MMSE), and TNF-a improved at 6 months post-in-
fusion. Additionally, QOL assessments demonstrated improvements in
the physical components means scores of the SF-36 in the 100 M group.
Subjects in the 100 M cell dose demonstrated the largest improvement
at 3 and 6 months compared to baseline (Fig. 4) (Golpanian et al.,
2017b).

The second CRATUS study was a phase II, randomized, double-
blinded, placebo-controlled trial in which 30 frail individuals received
either allogeneic MSCs at two doses (100 M or 200 M) or placebo (10
patients per group) (Tompkins et al., 2017a). The primary outcome was
safety measured by TE-SAEs at 1-month post-infusion. The secondary
outcomes were functional status and QOL assessments, and immune
biomarkers measured at baseline and within 6 months post-infusion. No
cell therapy related adverse effects were documented within 1 month
post-infusion and throughout the duration of the study. There were no
signs of adverse cardiopulmonary reaction following MSC administra-
tion. Short Physical Performance Battery (SPPB) total score and FEV1
were significantly improved in the 100 M cell group, without any
changes in the 200 M and placebo groups. Moreover, the female sexual
QOL measured by the sexual quality of life-female (SQOL-F) ques-
tionnaire improved in the 100 M group. Our findings show that 6MWT,
a measure of frailty and a prognostic marker of mortality in older adults
with heart failure (Boxer et al., 2010, 2008), improved in both trials in
frail subjects following MSC administration in the 100 M group (Fig. 5).
Additionally, both the 100 M and 200 M cell doses were effective in
modulation of immunologic biomarkers. Reduction in the early T cell
activation was noted in the 200 M group. There was a reduction in the
late T-cell activation in the 100 M and 200 M groups compared to
baseline. Finally, serum TNF-a levels decreased in the 100 M group at 6
months post-infusion (Tompkins et al., 2017a).

In summary, both clinical trials demonstrated safety and potential
efficacy, suggesting that intravenous MSC administration is a promising
and innovative approach for frailty. Importantly, the 100 M cell dose
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showed a maximal effect in measures of physical activity, QOL, and
inflammatory biomarkers, which are important therapeutic assessments
in the frailty syndrome. Although allogeneic MSCs hold a great promise
as a cell therapy agent for frailty, the number of treated subjects in both
studies was small, and there was no cell dose response relationship.
Accordingly, larger and better powered trials are warranted to further
define the effects of MSC infusion in individuals with signs and symp-
toms of aging frailty.

8.5. Role of repeated doses in cell therapy

Cell therapy approach demonstrated promising results for various
comorbidities. However, the benefits are inconsistent and modest. One
of the major reasons for the inconsistency and negative results could be
a single cell dose administration and inadequate dose use. Given that
the efficiency of cell engraftment is low, determination of optimum
dose and effect of repeated cell dose administration is clinically re-
levant. Effect of repeated cell administration was investigated in pre-
clinical and clinical studies using several cell types, including bone
marrow mononuclear cells (BMMNCs), MSCs, and cardiac progenitor
cells (CPCs) (Tang et al., 2018; Molavi et al., 2016; Oh et al., 2015,
2018; Tokita et al., 2016).

Effects of repeated cell transplantation were studied in patients with
peripheral artery disease and critical limb ischemia (Molavi et al., 2016;
Cobellis et al., 2008). A pilot randomized controlled study investigated
the safety and efficacy of repeated BMMNC injection (every 3 weeks
until the 4th injection) in comparison with a single cell injection in
patients with critical limb ischemia. The study did not report any ad-
verse effects and demonstrated that cell injections improved ankle-
brachial index, visual analog scale, pain-free walking distance, Wagner
stage, and reduced ulcer size. Although there was no difference in terms
of clinical parameters between the groups, the pain-free walking dis-
tance improved in the group who received four injections of cells
(Molavi et al., 2016).

Repeated intrathecal injections of autologous BM-MSCs demon-
strated safety, feasibility, and therapeutic efficacy in amyotrophic lat-
eral sclerosis (ALS) over 12 months (1 M cells per kg with a 26-day
interval) (Oh et al., 2015, 2018). There was no difference in the in-
cidence of AEs and SAEs between the groups, indicating that 2 repeated
BM-MSC administration was safe. The ALS Functional Rating Sca-
le-Revised (ALSFRS-R) and Appel ALS (AALS) scores were significantly
improved in the MSC group compared to control group after 4- and 6-
month follow-up. The MSC group showed decreased pro-inflammatory
and increased anti-inflammatory cytokines. Despite ALSFRS-R im-
provement, there was no difference in long-term survival between
groups Oh et al., 2018), suggesting that serial additional BM-MSC
treatments after 6 months might improve long-term efficacy. Another
study was designed to investigate the role of repeated intravenous
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Fig. 5. Change in functional status after administration of mesenchymal stem cells (MSCs) in frailty.

infusions of human BM-MSCs in a liver failure experimental model
(Miryounesi et al., 2013). Repeated administration of MSCs improved
survival, liver fibrosis and necrosis compared with injection of the same
number of MSCs in a single dose. This was associated with increased
expression of the fibrogenic/fibrolytic related genes Collal, Timp1l and
Mmp13 in the repeated transplant group (Miryounesi et al., 2013).

Bolli et al elegantly compared placebo control with single vs mul-
tiple infusions of CPCs in a rat MI model. Regional and global cardiac
function improved with cumulative effects in the multiple infusions
CPC group. Multiple infusions group also exhibited greater reduction in
scar size, less collage and greater myocyte density in the risk region
(Tokita et al., 2016). Importantly, infusion of a single, large dose of
36 M cells produced an initial improvement in cardiac function with no
further improvements. In contrast, each of the 3 infusions of cells (12 M
X 3) caused a greater improvement in left ventricular function com-
pared to single, large dose. Additionally, repeated doses reduced col-
lagen content and immune cell infiltration (Tang et al., 2018).

The role of chronic systemic inflammation is one of the main con-
tributor to progression of frailty. The systemic anti-inflammatory pro-
cesses are achieved after intravenous administration of MSCs. Although
the short-term of anti-inflammatory effect is achieved after first cell
infusion (Tompkins et al., 2017a; Tang et al., 2018; Oh et al., 2018),
repeated cell administration over time will be required in order to
sustain lower level of inflammatory biomarkers, and consequently im-
prove the frailty phenotype. Important things to consider in the re-
peated cell administration approach are cell dose, time intervals be-
tween cell administration, and route of delivery. In some cases shorter
interval between injections might cause a greater recovery and func-
tional improvements (Yang et al., 2018). In summary, preliminary
studies provide evidence that repeated injections are safe and poten-
tially effective. Although the approach of multiple injections is feasible
and well tolerated, future randomized, double-blind, large scale clinical
trials are required to confirm the long-term safety and efficacy of the
repeated cell administration.

8.6. Cell-based therapy and clinical challenges

Intravenous infusion of allogeneic MSC in patients with frailty de-
monstrated safety and potential efficacy. The cells improved physical
activity, quality of life, cognitive status, and inflammatory markers.
While previous experience of cell-based therapy for frailty have shown
promise, challenges exist.

One of the challenges is to define optimal cell dose. One hundred
million cell dose showed a maximal effect in most of the assessments in
the CRATUS study (Tompkins et al., 2017a; Golpanian et al., 2017b).
Importantly, the US Food and Drug Administration guidance for in-
dustry of investigational cellular therapy discussed the importance of
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cell dose optimization, and the establishment of a dose escalation
schedule in preclinical and clinical studies. A variety of cell dose
comparison clinical trials demonstrated an inverse dose response in
various diseases. The POSEIDON trial randomized 30 patients to in-
vestigate three doses of autologous and allogeneic MSCs (20, 100, 200
million cells). The study demonstrated the greatest reduction in scar
size, cardiac volumes, and increase in LVEF among patients who re-
ceived the lowest cell dose of 20 million (Hare et al., 2012). In another
dose-finding sub-study, the cardiac imaging analysis revealed an in-
verse relationship between the number of injections and improvements
in LV volumes. Patients that received lower number of injections (= 20)
demonstrated greater improvements in cardiac remodeling compared to
those who received > 20 injections (Teerlink et al., 2017). Similarly, in
the CRATUS dose escalation study that used 20, 100, and 200 million
MSCs, the 100 million group improved physical activity, quality of life,
cognitive status, and inflammatory biomarkers Golpanian et al.,
2017b). In contrast, other studies showed a linear dose response, sup-
porting that a larger dose is more efficacious (Quyyumi et al., 2011;
Perin et al., 2015; Poglajen et al., 2014). The inconsistent responses
could be affected by various confounding factors such as donor age,
route of cell administration and timing of delivery.

Another challenge is that there is no direct evidence that cell-based
therapy reverses sarcopenia or osteoporosis in frailty. In osteoporosis
the number of stem cell decline. It is unclear whether infused stem cells
can induce bone formation. Therefore, inclusion of bone density and a
walking speed test assessments in future studies would be re-
commended.

The future of cell-based therapy for frailty is dependent on studies to
better understand the effects of cell-based therapy on frailty. The on-
going phase IIb randomized, blinded, placebo-controlled trial (No.
NCT03169231) is a trial that will include 150 subjects. It was designed
to evaluate the safety and efficacy of allogeneic human MSC infusion in
patients with aging frailty. Patients will receive either one of the doses
of allogeneic MSCs (25 million, 50 million, 100 million, and 200 mil-
lion) or placebo. The primary outcome is change from baseline in 6 min
Walk Test (6MWT) compared to placebo at 180 days post-infusion. The
secondary outcome assessments of the trial include: 1. change from
baseline in physical function; 2. change in patient-reported outcome
(PRO) measurement compared to placebo; and 3. change in serum TNF-
a compared to placebo. These secondary measurements will also be
made at 180 days following infusion.

9. Conclusions and future perspectives

Frailty associated with aging is recognized as a syndrome char-
acterized by weight loss, poor exhaustion endurance, slowness, weak-
ness, and low activity. Biologically, chronic inflammation and stem cell
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depletion are important factors that contribute to frailty. On the bases
of the data presented in the review, modulating chronic inflammation is
a promising strategy to prevent and slow down not only frailty but also
conditions associated with frailty. New biological treatments such as
cell-based therapy that affects signaling pathways that regulate in-
flammation are needed to address the unmet clinical needs for in-
dividuals with frailty. Early interventions are warranted at the latent
stage of frailty to reduce the burden of frailty progression, hospitali-
zation, and mortality associated with frailty.

While MSC administration for frailty is a potential promising
strategy, the results of early stage clinical trials warrant further eva-
luation in ongoing larger trials (Le Couteur et al., 2017). Larger studies
with greater statistical power will offer the opportunity to define better
the relationship between different measures of frailty in response to
MSC infusion. Importantly, in the CRATUS study there was no dose
escalation response, with peak efficacy observed with the 100 M cell
dose. While previous studies have shown a reverse cell dose response
(Tompkins et al., 2017b), it is important to evaluate several cell doses in
frailty patients in a larger trial. Moreover, evaluation of repeated cell
doses might produce better or no cumulative effects, thereby revealing
whether recurrent infusions can amplify or sustain any potential clin-
ical benefits.

In summary, the preliminary results of two small, early phase trials
on MSCs for frailty support the idea that MSCs administration from
young healthy adults might play an important role in improving human
health span by improving the functions of multiple organs, including
lung, heart, and immune system. While further studies are needed to
determine the effects of MSCs transplantation in frailty, im-
munomodulatory and pro-regenerative effects are likely to contribute.
MSC administration is a new and potentially promising tool for treating
frailty in older adults, and larger randomized controlled trials are
needed to test the effectiveness of this therapy for frailty.
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