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Inflammation, a common mechanism in frailty and COVID-19,
and stem cells as a therapeutic approach
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Abstract

As our life expectancy increases, specific medical conditions appear, and new chal-

lenges are met in terms of global health. Frailty has become a medical and scientific

concept to define pathologies where inflammation, depressed immune system, cellu-

lar senescence, and molecular aging converge. But more importantly, frailty is the

ultimate cause of death that limits our life span and deteriorates health in an increas-

ing proportion of the world population. The difficulty of tackling this problem is the

combination of factors that influence frailty appearance, such as stem cells exhaus-

tion, inflammation, loss of regeneration capability, and impaired immunomodulation.

To date, multiple research fields have found mechanisms participating in this health

condition, but to make progress, science will need to investigate frailty with an inter-

disciplinary approach. This article summarizes the current efforts to understand

frailty from their processes mediated by inflammation, aging, and stem cells to pro-

vide a new perspective that unifies the efforts in producing advanced therapies

against medical conditions in the context of frailty. We believe this approach against

frailty is particularly relevant to COVID-19, since people in a state of frailty die more

frequently due to the hyperinflammatory process associated with this infection.
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Significance statement

In recent years, the authors have assisted with important advances in the understanding of stem

cell exhaustion as a wide mechanism of disease responsible for age-related health deterioration.

On the other hand, the stem cell role in immunomodulation has emerged as one of the most

promising effects of stem cell therapy targeting the inflammatory process. These two separate

topics are now emerging under a common theme and need to be addressed as a whole. The pre-

sent study intends to put in perspective the common ground among these concepts and offers a

future perspective of the next steps in the search for therapeutic approaches to frailty.
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1 | INTRODUCTION

There is no doubt that infection with SARS-CoV-2, the coronavirus

responsible for COVID-19, causes a high mortality rate in the elderly,

especially among men presenting age-related comorbidities.1,2 This has

been easily justified by age-related pathologies, which are inherently asso-

ciated with systemic and subclinic chronic inflammation (inflammaging)

and acquired immune system impairment (immunosenescence). These age-

related mechanisms follow four age-related medical events that are asso-

ciated with increased mortality3: (a) systemic inflammation, (b) a blunted

acquired immune system, (c) downregulation of ACE2, and (d) accelerated

molecular aging. These are all well-established correlations that we unfor-

tunately do not understand enough to develop specific and more efficient

therapies. In an effort to understand these factors, the frailty concept was

coined. Frailty (from the Latin “fragilis” means “easily broken”) is defined
as a clinical syndrome in which several of the following criteria are pre-

sent: rapid weight loss, self-reported exhaustion, weakness (measured by

grip strength), slow walking speed, and limited physical activity.4 How-

ever, the “frailty” term was used first by Vaupel and colleagues5 as a way

to “measure” the variability in the risk of death among people of the same

age.6 From a more mechanistic point of view, frailty begins when aged

individuals deteriorate following what some have called the seven pillars

of aging7 or the nine hallmarks of aging.8 These can be summarized as

genomic instability, telomere attrition, epigenetic alterations, loss of

proteostasis, deregulated nutrient sensing, mitochondrial dysfunction, cel-

lular senescence, stem cell exhaustion, and altered intercellular communi-

cation. These aging processes are interconnected and thus some can

induce others. In this review, we focus on stem cell exhaustion, a well

described process during regeneration but less clear regarding frailty. We

also discuss stem cell therapies as one of the few modern strategies that

has promised to tackle this stem cell dysfunction, not only as a therapy

for frailty but also related emerging diseases like COVID-19.

2 | MESENCHYMAL STEM CELLS, MORE
THAN A TRADEMARK

Since the discovery of pluripotency by Thompson and colleagues in early

human blastocyst stem cells (embryonic stem cells, ESCs) and their abilities

to differentiate into the three blastodermic lineages,9 there has been an

explosion in stem cell research for therapeutic strategies and even the

emergence of a new discipline, regenerative medicine, considered by

some as a new medical field called Regenology.10 This race for stem cell

applications has been a “roller coaster” with more wishes than clinic reali-

ties, but after 20 years of research, the field is finally obtaining solid results

through several approaches. After the discovery of ESC pluripotency, the

field also turned to the adult stem cells (ASCs), tissue specific stem cells

that show a more restricted lineage. These cells respond to tissue damage

through life by proliferation and differentiation, suffering telomere attri-

tion, and finally reduction of the proliferative capacity. Inside this group,

hematopoietic stem cells (HSCs), the origin of hematopoietic lineages and

mesenchymal stem cell (MSC), and the origin of mesodermal lineages are

the most investigated and have more clinical applications under

development. A third strategy arose from induced pluripotent stem cells

(iPSCs), which also show the ability to differentiate into several lineages

but are obtained from differentiated adult somatic cells through activation

of Yamanaka's transcription factors: Oct4, Sox2, Klf4, and Myc.11

Among all the ASC types, MSCs were the first to be described and

used for regenerative studies, although, their applications have always

been a subject of an intense debate and controversy.12 They were

described and named by Caplan13,14 when HSC were the only adult stem

cells known to science, but controversy began even from the moment in

which the term MSC was coined. Nowadays, the acronym MSC can also

mean “marrow/multipotent/mesodermal, stromal/stem, cells,” according to

criteria of location, power, embryonic origin, morphological features, and

so forth. Finally, Caplan chose the name “mesenchymal stem cell” because
mesenchyme is a tissue characterized by weakly associated unpolarized

cells with an abundant extracellular matrix, and for their in vitro clonability

and multipotency.15 Even so, recently, Caplan proposed to adapt the

meaning of MSC to “medicinal signaling cell,” saving the widely used acro-

nym but providing to these controversial cells a new clinical feature from

its paracrine function by which these cells are able to repair and

immunomodulate upon injury or inflammation through their secretory sig-

nals.16 Nevertheless, mesenchymal stromal/stem cell are the most

widely used.

Perhaps before abandoning its mesenchymal name, it would be

convenient to look deeper into the mesenchymal area of the human

body, because even if MSCs are called differently, their function still

happens in that specific tissue environment. This widely located com-

partment is able to reach and expand virtually through the whole body

and its ubiquitous presence provides a place for the immune system

to act and propagates signals that trigger the inflammatory response.

The mesenchyme is generated as an embryonic tissue, with features

of loose connective, with an abundant and hydrated extracellular matrix

made of thin fibers and well-spread unspecialized cells. It is mesodermal

in origin and gives rise to cardiovascular, musculoskeletal, mesothelial, and

lymphatic systems. Thus, if we try to understand the mechanisms that

rule the immunological response, we must understand its physiopatholog-

ical context through its wide distribution in the organism.

3 | MESENCHYME AND INFLAMMATION

Inflammation (from Latin: inflammatio: kindling or setting on fire) is a

common manifestation of many diseases. In fact, it is an unspecific

response against environmental aggressions. Interestingly, inflamma-

tion only happens in vascularized connective tissues with the goal of

isolating and removing harmful stimuli and inducing damaged tissue

repair. It is considered an innate immune mechanism that works simi-

larly in most situations in contrast with the adaptive immune

response, specific to each situation.17

Our current medical knowledge indicates that aging correlates

with chronic systemic inflammation, even if it does not always show

clinical manifestations. This has been called inflammatory aging and it

is accompanied by a deterioration of the immune system, also called

immunosenescence.3,18 Thus, aging mediates an alteration of the pre-

viously described “mesenchymal territory” that predisposes to chronic
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inflammation by failure of the mechanisms that maintain the homeo-

static state of early ages. Interestingly, this happens more often in

men than women,19 which correlates with the higher mortality rates

of males in medical diseases, such as COVID-19.2

At the molecular level, MSCs are known to mediate inflammation;

however, two MSC phenotypes can switch between proinflammatory

and anti-inflammatory regulation. So, a key aspect of MSC use in inflam-

mation is to correctly manipulate MSCs to favor an anti-inflammatory

effect. A possible approach is explored by Mounayar and colleagues

showing that PI3K and STAT1 signaling can balance MSCs into an anti-

inflammatory state in response to IFNγ by inducing indoleamine

2,3-dioxygenase (IDO20). Other homeostasis factors like Toll-like receptor

(TLR4) or AKT-independent FOXO3 signaling pathways have shown simi-

lar participation in the MSC2 state induction.21,22 This less explored

aspect of the MSC induced anti-inflammatory phenotype could hide the

key to the successful use of MSCs against inflammation.

Another possible application of MSCs as an anti-inflammatory strat-

egy could be for autoimmune diseases. Fiorina and colleagues analyzed

the immunomodulatory effect of bone marrow-derived MSCs on autoim-

mune diabetes concluding that MSCs from healthy animals expressed

higher levels of negative co-stimulatory PD-L1 signal and promoted an

immune response shifted toward a Th2 cytokine profile.23

4 | THE IMMUNOMODULATORY ROLES
OF MSCs IN INJURY AND INFLAMMATION:
PERICYTES

Until recently, immunological equilibrium was believed to depend only

on immune cells. During the last years, MSCs have emerged as a new

cell type that regulates the immune response. Although unexpectedly,

the paracrine immunomodulation role of MSCs is gaining strength. A

MSC related cell type, the “pericyte,” has been directly associated with

many MSC functions. The regenerative medicine school of thought

states that mural cells from blood vessels, mesenchymal in origin, can

be the same MSC in a different moment in their morphogenetic cycle.

Although pericytes have been classically described histologically, their

function is still not completely understood. They have been found in a

number of tissues and are molecularly defined as CD146+, NG2+,

CD34�, CD45�, and CD56� cells. Besides, in culture they are able to

give rise to myocytes, chondrocytes, adipocytes, and osteocytes. In

situ, they express MSC markers such as CD44, CD73, CD90, and

CD105 and surface antigen markers and multipotency in vitro studies

indicate that pericytes become MSC in culture.24 Several studies have

demonstrated pericyte participation in the regulation of HSC

quiescence,25 local neural niche in contact with the neural stem cells

(NSCs) in the subventricular zone,26 perivascular niche of several

types of adult stem cells (ASCs) in liver, muscle, and other vascularized

tissues, including their participation in the establishment of metastasis

in melanoma, liver, lung, and bone cancer.27 Aside from all these func-

tions related to MSC activities we focus on their role in immuno-

modulation, antimicrobial and trophic action in response to tissue

damage and inflammation.27

Thanks to the establishment of pericytes in several organs as

MSC repositories, da Silva et al24,28 proposed a model to explain the

participation of both cell types during regeneration. In homeostatic

conditions, pericytes rest adjacent to blood vessels contributing as

structural elements and arresting any unwanted immune response on

the inside. Upon tissue damage, the resting state of pericytes is

altered by changes of the niche environment through basal membrane

destabilization and blood content invasion. This promotes blood clot

and platelet signals that attract immune cells. This also triggers a peri-

cytes migration from their perivascular location into a MSC activated

state, which proliferates and secretes immunomodulatory and anti-

apoptotic signals to turn down the immune response, favoring damage

control and reestablishing perivascular integrity and the basal mem-

brane. These MSCs then follow three possible courses: differentiation

to restore lost tissues, apoptosis, or return to their pericyte vigilant

state adjacent to the restored endothelium.28 This MSC behavior is

coined by some as “injured drugstores,”29 and promotes a trophic and

immunomodulatory activity in situ. The regenerative microenviron-

ment induces proliferation, angiogenesis, decreases apoptosis, and the

scarring process,30 four core actions that define repair and avoid

fibrosis. At the same time, these so-called “medicinal stem cells-MSCs”
regulate the immune response modulating the acquired immune

response from pro-inflammatory to anti-inflammatory cytokine pro-

ducers and modulating the innate immune response by suppressing

the cytotoxic response of natural killer cells and altering the capacity

of antigen recognition of dendritic cells.29 During recent years, accu-

mulating evidence has confirmed these hypotheses about the MSC

immunomodulatory function. Thus, some suggest that low levels of

inflammation induce a proinflammatory MSC phenotype (MSC type 1)

that activates the innate immune response (monocytes into M1 mac-

rophages) while excessive inflammatory signals induce an anti-

inflammatory MSC phenotype (type 2 MSC) inducing immuno-

modulation and trophic activity corresponding with the mediation of

M2 macrophages. Type 1 MSCs would contribute to an early repair

response while type 2 MSCs would participate later in a regenerative

process.31,32

In summary, the immunomodulatory effect of MSCs include inhi-

bition of proliferation and function of T, B, dendritic cells, and natural

killer cells, the polarization of monocytes to M2 macrophages, produc-

tion of IL-10, and reduction of TNF-α, IL-12, and antifibrotic

effects33–35 (Figure 1).

5 | FRAILTY CONDITIONS AND ITS
RELATIONSHIP WITH MSC NUMBERS

Senescence in MSCs has been documented during aging in vivo36 and

it limits MSC numbers in organisms of different ages. While the bone

marrow of newborns presents an average of one MSC per 10 000

cells, this proportion decreases drastically with age to one in 2 million

by the age of 80.13 This could explain the alteration of tissue homeo-

stasis and the occurrence of age-related diseases.37 MSC senescence

is characterized by cell cycle arrest in G1, changes in morphology, and
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increases in senesce markers β-galactosidase and SA-α-Fuc (senes-

cence-associated lysosomal α-L-fucosidase). Senescence also alters

specific surface markers such as Stro-1 and CD106, correlating with

the number of division and donor age.36 MSC senescence is also asso-

ciated with increased reactive oxygen species (ROS).38 Cell culture

studies from people 20 to 70 years old demonstrated that older MSCs

showed lower proliferation rates, less chondrogenic and osteogenic

potential in favor of an increased adipogenesis, and increased signals

related to senescence.39

As explained before, frailty is defined as the progressive func-

tional decline and increased vulnerability to stress resulting from

decreased physiological reserve and resilience.40 Frailty has a high

socioeconomic impact with a prevalence of 15% above 65 years of

age. A frailty index (FI) has been proposed as a measurement of the

multidimensional accumulative factors that lead to disability and

death.41,42 However, no effective therapeutic approach is available to

reduce or delay the consequences of frailty. One of the best-

established facts about the mechanism of frailty is its correlation with

stem cell exhaustion. Probably all endogenous adult stem cells are

involved in such responsibility, but more are the MSCs located in

mesodermal tissues in their network of capillaries and arterioles from

which they can cover a vast and ubiquitous multi-organ territory. The

MSC/pericyte system described above decreased with age and could

be necessary protection for vascularized tissues. That is why the use

of MSCs is currently being explored using multiple approaches as the

logical and specific therapy against the frailty effects through their

ability to migrate into injured and inflamed sites, differentiate into

multiple tissue specific lineages, and have immunomodulatory effects.

Nonetheless, this type of therapy still needs improvement in terms of

manufacturing and delivery through cell engineering to fully use the

immunomodulatory properties, homing, and efficacy of MSCs.43,44

6 | CLINICAL TRIALS USING MSCS
AGAINST FRAILTY

Many research labs have developed cell therapies in search of tissue

homeostasis improvement. To date, there are more than 38 clinical tri-

als using stem cells against the effect of aging or frailty, although there

are far fewer with MSCs. Recently, randomized double blind studies

showed that intravenous administration of allogeneic MSCs is safe,

renders improved physical performance, and reduces inflammatory

markers increased in frailty states.45–48 In the first of these trials,

15 patients with mild to moderate frailty were treated with MSCs.

This phase 1 study focused on safety evaluating severe adverse

effects during 12 months after the injection of 20 to 200 million

MSCs. Besides safety, the results showed improvements in physical

activity, cognitive hallmarks, and bloodstream TNF-α levels. In phase II

(random, double blind with placebo), 30 frailty patients were injected

with 100 to 200 million MSCs resulting in positive results in activity

F IGURE 1 Mesenchymal stem cell
(MSC) secreted factors and signals
modulate the effects of aging and frailty
through downregulation of inflammation
and improving repair capabilities. Aging,
inflammation, and frailty promote each
other and reduce repair tissue capabilities
including regeneration and immune
system. They also reduce stem cell

function as a consequence of stem cell
exhaustion causing a feedback effect
favoring clinical decline. MSC signals are
capable of restoring the compromised
homeostasis caused by aging and frailty
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hallmarks and several immune biomarkers 6 months after the injec-

tion.49 These studies, together with other trials, support the safety

and efficacy of the intravenous injection of allogeneic MSCs from

bone marrow against frailty (Table 1).

The downside of these studies is the lack of consistency among

the methodology used, with significant variations in the number of

infused cells, cell origin, quality of the donor and their MSCs, and

hemocompatibility, all common problems of MSC therapies.43 Tolerance

to these treatments, demonstrated in hundreds of patients in multicentric

trials, and the reversion of some parameters compromised in frailty make

these therapies a well-founded hope. However, to progress in this

approach, the field will need the establishment of new and consistent ani-

mal models, as well as a better and systematized diagnosis of frailty condi-

tions through more sensible and validated biomarkers.40 One set back of

this approach has been the allograft rejection, which limits the effect of

MSC treatments. Promising strategies to bypass to this problem are the

use of MSCs' secretome/exosome (discussed later) or generation of an

immunoprivileged site of application where MSCs can survive long

enough to perform immunomodulation.50

7 | MSC THERAPIES AGAINST COVID-19:
CELLS, SECRETOME, AND EXOSOME

The SARS-CoV-2 pandemic has challenged the scientific communities to

adapt and innovate at an accelerated rate to find effective treatments

against a physiophatologic mechanisms to which we were not prepared.

One of new advanced therapies explored is MSC treatment (Figure 2).

COVID-19 is mediated through an hyperinflammatory response associ-

ated with the cytokine release syndrome and is associated acute respira-

tory syndrome prompted the exploration of many immunomodulatory

new strategies.51–56 The initial therapies against the worst cases of

COVID-19, those presenting acute respiratory distress syndrome or

ARDS, selectively targeted cytokines with limited results. Now we know

that to get a true effect on the hyperinflammatory response we need to

target a wide set of inflammatory signals and our most effective

treatments have ended being classic anti-inflammatories, such as dexa-

methasone.57 The key seems to be controlling the feedback loop that

transforms a normal cytokine response into a cytokine storm. This con-

cept has taken us from limited results from early attempts to control cyto-

kine release to modulate the adaptive immune response to avoid the

secondary cytokine release.

Recent results on animal model infections have shown a delay of

type I interferon (IFN-I) and the innate immune response allowing the

accumulation of proinflammatory monocytes and macrophages (classically

called M1) and that removal of these cells protect against lethal infection

without altering viral replication.58 On the other hand, hyperinflammation

in COVID-19 is also promoted by pyroptosis, an inflammatory form of

apoptosis triggered by viral replication. This programmed cell death exacer-

bates the inflammatory response by the release of IL-1B from dying cells, a

situation that cannot be reversed with cellular debris removal by anti-

inflammatory (M2) macrophages, which are not produced in favor of the

M1 type.59 Besides the monocytic lineages, there are other immune cells

promoting the cytokine storm. This cytokine hyperproduction, then, causes

the severe phenotype through several identified mechanisms, such as for-

mation of neutrophil extracellular nets (NETS), causing lung injury and

micro thrombi,60 or the functional exhaustion of immune cells that reduces

the ability to fight the infection.61 These results suggest that targeting the

inflammatory activation of immune lineages is already a suitable strategy to

tackle the hyperinflammatory response of severe COVID-19 cases.

Given this proinflammatory mechanism and the immunomodulatory

effect of MSCs, several clinical trials started under the premises of the

control of cytokine release to avoid the severe conditions developed by

SARS-CoV-2.62 The first study started in China in January 2020, injecting

1 million MSC cells/kg in the blood stream. This very preliminary trial con-

cluded manifesting a pulmonary function improvement, peripheral lym-

phocyte increase, decrease of C-reactive protein as well as cytokine

releasing cell types after 3 days of treatment in the seven treated

patients.63 Authors on the study also reported TNF-α decrease and IL-10

increase and concluded that MSCs seemed to inhibit hyper-activation of

the immune system.

TABLE 1 Ongoing clinical trials with MSCs against frailty or investigating their effect in stem cell exhaustion

Title Study type Conditions Status

Estimated

enrollment First posted

Clinical study of umbilical cord mesenchymal stem cells

infusion for aging frailty

Phase I/II Aging/frailty Recruiting 30 March 18, 2020

Human mesenchymal stem cells (LMSCs) on vaccine-specific

antibody- response in subjects with aging frailty

Phase I/II Aging/frailty Recruiting 83 December 6, 2016

Trial to evaluate longeveron mesenchymal stem cells to

treat aging frailty

Phase IIb Aging/frailty Active, not recruiting 150 May 30, 2017

MSC infusion for anti-aging and regenerative therapy Phase I Aging well

Regenerative

Medicine

Not yet recruiting 100 November 22, 2019

Allogeneic human mesenchymal stem cells (hMSC) in

patients with aging frailty via intravenous US delivery

Phase I/II Frailty Completed 65 February 17, 2014

Last update

March 5, 2021
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Later, a consortium formed by the Cell Therapy Spanish

Network (TerCel) performed a clinical trial using allogeneic

adipogenic MSCs for 13 severe COVID-19 patients64 with

approximately 1 million cells/kg reporting a decrease in inflam-

matory parameters (C-reactive protein, IL-6, ferritin, LDH, and

D-dimers) and a lymphocyte count increase proportional to clini-

cal improvement. Other clinical trials rendered similar results

from the use of other MSCs, such as umbilical cord blood and

Wharton jelly, bone marrow, and adipose tissue (ClinicalTrials.

gov; http://www.chictr.org.cn).65,66

F IGURE 2 Mesenchymal stem cell (MSC) therapy is capable of reducing the hyperinflammatory response in cases of severe COVID-19.
SARS-CoV-2 infection causes severe COVID-19 by inflammation associated to neutrophilia (including NETS—neutrophil extracellular traps) and
pro-inflammatory macrophagic response. MSC treatment specially targets lungs and provides of in situ and systemic immunomodulation,
antimicrobial and other trophic effects (see Figure 1) supporting an anti-inflammatory profile of macrophages and appropriate coordination of T
and B cells to fight against SARS-CoV-2 infection. MSC mitogenic, angiogenic, and anti-apoptotic effects drive resident cells into tissue
regeneration. MSC anti-scarring effects avoid fibrosis in lung, an adverse side effect in COVID-19 disease
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Although results from MSC therapies are promising, this strategy

also presents important limitations, such as slow production, low prof-

itability, demanding quality controls, and short expiration dates. These

factors limit this kind of therapy upon the immediate need and the

need of massive treatments in pandemic times.65,67–69 An alternative

to MSCs, is the use of their secretome or even only exosomes. Inter-

estingly, MSCs are known to immunomodulate through the bioactive

set of molecules that they secrete.70 This paracrine function includes

growth factors, cytokines, chemokines, extracellular components, and

microvesicles that contain selective molecules of recognized anti-

inflammatory characteristics,69,71,72 even antifibrotic signals.35 Among

all the components of the secretome mix, the exosomes are arousing

special interest due to their properties that overcome the bottleneck

limitations of the MSCs. Exosomes transport many of the immuno-

modulatory signals secreted by MSCs. Recent studies have demon-

strated that MSC exosomes provide of an immunomodulatory effect

similar to MSCs.73 Studies from several research groups, including

ours have demonstrated the efficacy and the immunomodulatory

potential of exosomes.74 They show specific action on macrophage

activation inducing an anti-inflammatory profile.75–77 Besides, it is

possible to induce the therapeutic response of the secreting MSC to

produce a certain exosome profile with more anti-inflammatory sig-

nals.78,79 The use of exosomes instead of cells also avoids the risks of

the later (like their tumorigenic effect) and provide logistic advantages,

such as rapid scalable production and a long shelf-life.80 The use of

exosomes is rapidly being considered a viable therapeutic strategy

and 91 clinical trials are already registered at a global scale from which

12 are exosome treatments from MSCs (ClinicalTrials.gov). One of

these uses allogeneic MSC exosomes for COVID-19 cases with ARDS,

injecting 24 patients with their exosome product (ExFlo) to study

safety and initial efficacy.81 Preliminary results from this

study showed a reduction in hypoxic state by altered pulmonary func-

tion and immune markers recovery without adverse effects.

8 | CONCLUSION

In summary, MSC research during the last decades has been a roller-

coaster of promises, controversies, and unexpected discoveries, which

have changed our perspective of their potential use as a therapy for

different human conditions and diseases. We believe that although

the original promises have not been met, the intense dedication to

their study has opened new alternatives to use their less known para-

crine properties on immunomodulation and aging to find new solu-

tions to extremely important challenges of public health, such as the

increasing incidence of frailty conditions and new and unexpected

hazards like COVID-19.
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