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Abstract: Rapid growth of the geriatric population has been made possible with advancements in

pharmaceutical and health sciences. Hence, age-associated diseases are becoming more common.

Aging encompasses deterioration of the immune system, known as immunosenescence. Dysregu-

lation of the immune cell production, differentiation, and functioning lead to a chronic subclinical

inflammatory state termed inflammaging. The hallmarks of the aging immune system are decreased

naïve cells, increased memory cells, and increased serum levels of pro-inflammatory cytokines.

Mesenchymal stem cell (MSC) transplantation is a promising solution to halt immunosenescence

as the cells have excellent immunomodulatory functions and low immunogenicity. This review

compiles the present knowledge of the causes and changes of the aging immune system and the

potential of MSC transplantation as a regenerative therapy for immunosenescence.

Keywords: mesenchymal stem cells; aging; inflammaging; frailty; immune system

1. Introduction

Frailty can be defined as a decline in physiological reserve across organ systems;
it afflicts geriatric subjects above the age of 65. Immunosenescence is the term used to
refer to profound changes in the immune system related to age. Immunosenescence
involves dysregulation of the immune functions at both cellular and serological levels [1].
As a result of degenerating immunity, older age groups are more susceptible to severe
infections with poor prognoses [2]. The risk of contracting community-acquired pneumonia
increased by 21% in older adults of 65–74 years compared to younger patients, with an even
higher incidence in older adults 85 years and above [3,4]. Bacteremia and sepsis are also
more prevalent among older adults. More troubling—older adults have a higher risk of
morbidity and developing cognitive decline post-infection [5,6]. Interestingly, older adults
have higher autoimmunity, but not autoimmune disorders. The autoimmunity in older
adults is associated with the high levels of circulating T-regulatory cells (Treg) and reduced
CD4/CD8 ratio. Subsequently, this predisposes the aging host to infection and cancer [7].
The increasing age also hampers the effects of vaccination unless the vaccine is developed
to bypass this concern, i.e., conjugating it with an adjuvant. Hence, immunization for the
aging population is limited [1,8–10].

As a direct result of senescence, the immune system is in a constant subclinical inflam-
matory state known as ‘inflammaging’. Inflammaging is conjectured to be a consequence
of activation of innate immunity and declination of adaptive immunity without exogenous
stimuli. This state is associated with the cytokine’s milieu that skews towards a pro-
inflammatory phenotype. The exact relationship between inflammaging and the disease
state is yet to be elucidated [11]. However, most age-related degenerative diseases share
similar inflammatory pathogenesis to which inflammaging may further exacerbate the
disease process and its morbidity. The common inflammatory disease includes cardiovas-
cular disease (myocardial infarction, hypertension, atherosclerosis), cognitive impairments
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(Alzheimer’s disease, Parkinson’s disease), rheumatoid arthritis, and metabolic diseases
(type II diabetes) [11–13].

The population aging is rapidly accelerating. The United Nations speculates that
the number of people aged 65 years old and older will double between 2019 and 2050.
In 30 years, one out of six people worldwide will be categorized in the “older adult”
age bracket [14]. The older adult population is accompanied by a state of physiological
vulnerability and declining ability to maintain homeostasis and respond to stress. This
clinical expression of age-related decline is also known as frailty. Frailty and inflammation
are strongly correlated where the serum levels of inflammatory markers are significantly
higher in the older age group compared to the younger age group [15]. Frailty includes
functional and structural alterations in multiple organ systems and impaired immune
responses, which predispose to a plethora of disorders [16,17]. Consequently, the older
adult population is a significant financial burden to the healthcare system [18]. Although
the presentation of diseases may be incited by other risk factors, aging is a significant
contributing mechanism due to the inevitable frailty development.

Currently, there are a few measures that may delay frailty onset and improve the
morbidity of age-associated disease. The management of geriatric patients includes imple-
menting calorie restriction, exercise regimes, and hormonal supplementations [12,19,20].
Diets high in n-3 polyunsaturated fatty acids and vitamin D have positive outcomes in
reducing circulating levels of inflammatory molecules, namely C-reactive protein (CRP)
and interleukin (IL)-6, as well as lower the mortality of the inflammatory diseases [21,22].
Zhang et al. showed that physical exercise can delay cognitive impairment while Ng et al.
reported that cognitive training can improve physical mobility and strength [23,24]. The
studies also showed that a mix of interventions (exercise and/or nutrition and/or cognitive
training) would have better results than just either one [25]. Frailty is a complex condition
that is unique to every individual; these clinical treatments require personalization to
directly intercept immunological frailty. Moreover, Zhang et al. have found that the frailty
index scoring system does not necessarily reflect the conditions the subject is facing. Some
elderly may still be classified as pre-frail due to the cut-off score, but were experiencing
frailty in different domains, be it cognitive or functional [23]. In the systemic review com-
posed by Apostolo et al., the current personalized approach to manage disease-associated
frailty has failed to produce consistent results [25]. Hence, there is yet an exact solution to
frailty.

Mesenchymal stem cells (MSCs) are multipotent progenitor cells that can be isolated
from the bone marrow, adipose tissue, dental tissues, skin, salivary gland, limb buds,
menstrual blood, and perinatal tissues [26–29]. MSCs can differentiate into adipocytes,
osteoblasts, and chondrocytes. Although MSCs do not differentiate into immune cells,
MSCs provide a supporting microenvironmental niche for hematopoietic stem cells (HSCs)
to differentiate into myeloid and lymphoid cells, which are essentially the immune cells.
This specialized environment plays an important role to maintain the longevity of HSCs by
controlling their proliferation and apoptotic activities [30].

One of the speculated theories of declining immunity as the host ages is the MSC
senescence. Subsequently, the functions and structures of MSCs, which are significant
in maintaining the immune system, diminishes [31]. Although they are multipotent,
mesenchymal progenitors exist in a small population, only consisting of 0.001% to 0.01%
bone marrow mononuclear cells. Therefore, ex vivo expansion of MSCs and subsequent
administration of optimized dosage is necessary to maintain and boost the effects of
MSCs in vivo [32]. Furthermore, numerous in vivo and in vitro studies have proven that
MSCs have low immunogenicity, excellent immunomodulatory function, and homing
capability to regenerate damaged tissues through multipotent differentiation and paracrine
secretion [11,33–36]. Despite that, the current studies are not primarily focused on aging
or the restoration of the immune system. There have been extensive studies done on
pathological conditions than actual aging itself. Aging and MSC were studied separately,
but the similarities of the immune markers involved may come into convergence. The
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proliferative capacity and immunomodulatory function of MSCs could aid in the restoration
of the immune cells and reduce the pro-inflammatory markers since these parameters are
observed in aging as well. It is imperative to discuss the papers based on the aspects related
to immunosenescence and inflammaging.

This review aims to discuss the recent papers on the pathophysiology of immune
system aging and the potential of MSC therapy to combat immunosenescence.

2. Causes and Consequence of Immunosenescence

There are several theories on the cause of immunosenescence. According to Lopez
-Otin et al., there are eight hallmarks of aging. This includes genomic instability, telomere
attrition, epigenetic alterations, loss of proteostasis, deregulated nutrient sensing, mito-
chondrial dysfunction, cellular senescence, stem cell exhaustion, and altered intercellular
communication [37]. A review by Rodrigues et al. applied the hallmarks of aging to im-
munosenescence [38]. Few causes of immunosenescence that we are briefly introducing in
this review include oxidative stress, mitochondrial reactive oxygen species (ROS), telomere
attrition, thymic involution, impaired autophagy, epigenetic alterations, genomic instability,
and cellular senescence. In general, the impact of immunosenescence on the structure,
functions, and population of the immune cells is detrimental.

2.1. Oxidative Stress

Chronic oxidative inflammatory stress can lead to premature aging with immunose-
nescence. The essential components of the immune cells such as protein, lipids, and DNA
are constantly damaged by oxidative stress, which diminishes their capacity to maintain
redox and inflammatory balance. The incessant oxidative stress causes constant stimulation
of the inflammasome, which induces the nuclear factor-κB (NF-κB) and the IL-1β-mediated
inflammatory cascade. Additionally, the senescence-associated secretory phenotype (SASP)
contributes to the constant subclinical inflammation by producing a self-perpetuating
intracellular signaling loop [11]. Garrido et al. determined that the peritoneal leucocytes of
both prematurely aged and chronologically aged mice have reduced levels of antioxidants
(catalase and glutathione reductase activities), increased levels of oxidants (xanthine oxi-
dase activity, oxidized glutathione levels, oxidized and reduced glutathione ratios), and
increased secretion of pro-inflammatory cytokines (IL-1β, IL-6, and tumor necrosis factor
(TNF)-α) without stimulation. Moreover, the same study observed that this oxidative-
inflicted damage reduces the catecholamine concentration in the peritoneal macrophages,
which is a key component in immunomodulation during stress response [39].

2.2. Mitochondrial ROS

In-line with oxidation-inflammaging stress, another causative theory of immunose-
nescence is accumulated mitochondrial oxidative stress. ROS is an inevitable by-product
of oxidative phosphorylation and other biochemical processes. ROS is an essential com-
ponent in the regulation of physiological cellular functions such as growth, proliferation,
differentiation, and apoptosis. At low concentration, ROS is essential for a healthy immune
response and to induce inflammation through the activation of leukocyte recruitment pro-
cess. Pathogens can trigger a respiratory burst of ROS, which attracts neutrophils to form
clusters. Then, ROS will resolve inflammation by inducing the apoptosis of neutrophils.
However, in excess, ROS can be detrimental to the cellular proteins, RNA, and DNA.
Naturally, it is one of the suspected culprits of immune system aging. With age, the body’s
ability to maintain redox balance becomes impaired, leading to excessive ROS levels which
cause oxidative stress in the mitochondria of immune cells [40]. T-memory cells (Tmem)
and Treg rely highly on oxidative phosphorylation; they carry a large mitochondrial mass,
which allows them to rapidly respond to their cognate antigens. Mitochondria also reg-
ulate calcium ions (Ca2+), which is pertinent to the activation of the immune signaling
pathway that controls the activation of T cells. Along with increasing age, the increased
mitochondrial mass and the dysregulation of membrane potential in the mitochondria
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of CD8+ T cells was noted by Sanderson and Simon [40]. Furthermore, at old age, ROS
increases the level of plasma mitochondrial DNA (mtDNA) which is proportional to the
levels of pro-inflammatory cytokines [41,42]. Besides, in vivo data from injecting mtDNA
to induce inflammation and interfering with its inflammatory pathway shows that mtDNA,
not nuclear DNA, is the contributor to inflammatory pathogenesis [41]. In general, the data
implies that the degradation of mitochondria due to ROS increases with age and this leads
to the dysfunction of adaptive immune response, subsequently causing inflammation.

2.3. Telomere Attrition

On the other hand, telomere shortening is depicted as a phenomenon of replicative
stress which leads to senescence. The accumulated detrimental effects of persistent ROS,
mitochondrial dysfunction and DNA damage at the telomeres force the cells to enter a
transient proliferation arrest. The highly proliferative component of the immune system,
the T cells are particularly susceptive to replicative stress and driven to senescence. Sander-
son and Simon confirmed that telomere attrition is significantly correlated with age in
CD8+ T cells, as the capacity to proliferate dwindled. However, the differences in relative
telomere length versus age is insignificant in B cells [40]. Furthermore, naïve T cells from
the older adults are found to have shorter telomeres than younger people, signifying a
diminished capacity to proliferate. When T cells have prolonged interaction with antigen,
they extensively proliferate which accelerates the loss of telomeric DNA. Subsequently, the
shortened telomeres in the CD8+ T cell population lead to decreased vaccine efficacy in the
older adults [1].

2.4. Thymic Involution

Next theory of immune system aging is thymic involution. The thymus is a primary
lymphoid organ, which is essential to the adaptive immunity, whereby it is the place the T
cells become mature. The thymus is non-self-renewing and must rely on the production
of T cell progenitors or thymocytes in the bone marrow through hemopoiesis of HSCs.
Around adolescence, the thymus begins to degenerate, resulting in a gradual loss of tissue
mass and structure that progresses along with age. Production of IL-7, which is necessary
for thymopoiesis, also reduces with age. This phenomenon of thymic involution diminishes
the supporting microenvironment vital for the maturation of T cells, causing a decrease
in the output of naïve CD4+ or CD8+ T cells [43–45]. Sidler et al. found alterations in the
gene expression of cell cycle regulation of old rats, resulting in a large proportion of splenic
and thymic cells with incomplete cell division [46]. The effect of senescent HSCs is also
apparent in the early thymocyte progenitor (ETP) activity, in which T cell differentiation is
reduced, apoptotic activity is heightened and Ki67+ cells are reduced [44,45,47]. Thymic
involution is an inevitable process of aging but induced pluripotent stem cells (iPSCs)
have shown promising results in the regeneration of thymic epithelium. Otsuka et al.
demonstrated that mice iPSCs integrated with exogenous Foxn1 gene can successfully
differentiate into thymic epithelial cells. This finding further develops the prospect of
growing thymus grafts from iPSCs for transplantation [48].

2.5. Impaired Autophagy

Autophagy is a cellular catabolic process, which mediates the degradation of cellular
components when fused with lysosomes. This mechanism provides an alternative source of
energy for protein synthesis and to sustain metabolism during metabolic stress. Autophagy
modulates both innate and adaptive immune responses. The innate and adaptive immune
cells require autophagy to differentiate, activate, and function. Innate immune receptors
stimulate pathogen removal through autophagy, whereas autophagy enhances the T cells’
antigen presentation step by speeding up the delivery of antigen to lysosomes. Autophagy
also regulates the secretion of inflammatory cytokines by T cells, such as interferon gamma
(IFN-γ). Moreover, autophagy suppresses inflammation through the degradation of ubiq-
uitinated inflammasome [49,50]. The autophagy system is activated by intracellular and
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extracellular stress signals, such as oxidative stress. In old age, the compounded detri-
mental effects of oxidative stress produce a defective autophagy mechanism, in which
the compromised protein degradation system has reduced capacity to remove the mis-
folded proteins and damaged macromolecules in the cells [11]. As a result, the maturation,
activation, and antigen processing ability of immune cells are impaired [51].

2.6. Epigenetic Alteration

Epigenetic changes in aging involve histone modifications, DNA methylation, and
chromatin remodeling. Histones undergo various post-translational modifications (PTMs),
including acetylation, methylation and phosphorylation, which are reversible by special-
ized histone-modifying enzymes [52–54].

A study has shown that senescent fibroblast cells reduced histone biosynthesis,
lysosomal-mediated processing, and increased macroH2A, leading to decreased histones.
The level of macroH2A was elevated in the aged mice lungs and livers [55]. A study on
the postovulatory aging of the mouse oocyte reported the gradual acetylation on some
lysines of histones H3 and H4 [56]. Cheng et al.’s study in human and mouse brains
found that there was a loss of acetylated-H3K27 during aging, along with the increase
of enzyme histone deacetylase-2 (HDAC-2) activity, which contributed to cognitive de-
cline. However, this phenomenon can be reversed by HDAC-inhibitor [57]. Treatment
with HDAC-inhibitor have also successfully improved the DNA repair and extended the
lifespan of the Zmpste24−/− mice [58]. These findings show that some aging, which is
caused by epigenetic influences, is reversible.

After receiving pro-inflammatory signal, the acetylation of H4 and H3 occurs and
leads to the increased recruitment of NF- κB. NF- κB is one of the important molecules
in the inflammatory pathway as it promotes various cytokines and chemokines during
inflammaging, along with the proinflammatory IL-6. Then, IL-6 regulates the DNA methyl-
transferases (Dnmt), which can be affected by ROS. Cao et al. determined that a DNA
methyl transferase inhibitor, decitabine effectively reduced Dnmt activity and attenuated
NF-κB activation [59].

Lastly, in response to DNA damage, the chromatin structure is remodeled by nucleo-
some to form senescence-associated heterochromatin foci (SAHF). Chromatin accessibility
is also modulated by the exchange of histone variants. As a result, the transcription
activity of proliferation-promoting genes is reduced and the gene loci are sequestered
into the SAHF [58,60,61]. One of the chromatin remodeling mechanism is a non-histone
chromatin-bound protein called high mobility group box 2 (HMGB2), which is involved
in upregulating the SASP loci through the alteration of the chromatin architecture [60].
On the other hand, the HMGB1 relies on p53 to induce senescent growth arrest, which is
different from the ataxia-telangiectasia mutated protein (ATM)-dependent SASP [62].

2.7. Genomic Instability

Genomic instability is another hallmark of aging and cancer. The instability is con-
tributed by the persistent deoxyribonucleic acid (DNA) damage, defects in the nuclear
lamina, and mutations in the mtDNA [37]. Throughout the lifespan of the living organ-
ism, genetic damage is accumulated from the DNA damage from both exogenous and
endogenous source. The endogenous impact includes DNA replication errors, spontaneous
hydrolytic reactions, and ROS. Cells may develop malignancy from these accumulated
insults and form proteins called neoantigens, which they then can be identified from. These
genome alterations may trigger T cell recognition and induce immune attack towards
the malignant cells. The main components of DNA damage response are the early signal
transducer, ATM and signal transducer for replicative stress, ataxia telangiectasia, and
Rad3-related protein (ATR). Telomeres will be lost at every cell division and eventually
become shortened as the organism ages. These shortened telomeres, alongside persistent
DNA damage, lead to the accumulation of ATM and ATR effectors at the sites of dam-
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age. As a result, the DNA-SCARs (DNA segments with chromatin alterations reinforcing
senescence) are formed [63].

Krishnan et al. described a recurrent point mutation in the lamin A gene, which
accelerates aging in both humans and mice. The mutation that occurs at the G608G position
impairs the processing of prelamin A into mature lamin A, and instead, forms the mutant
protein, progerin [58]. Progerin causes nuclear blebbing, accumulation of DNA damage,
and accelerated cellular senescence. Individuals with such mutation have the Hutchinson-
Gilford Progeria Syndrome (HGPS), which is a rare disorder that resembles premature
aging [64,65].

Aside from the nuclear DNA, genomic instability can also be seen in the mtDNA.
The mtDNA is very prone to somatic mutations due to its lack of protective histones and
limited repair mechanisms unlike in nuclear DNA. Multiple mtDNA exists in within the
same cell with varying mutant and wild-type genomes. This is termed “heteroplasmy”. In
aging cells, the mutational load becomes significant and “homoplasmy” is achieved due to
the prevalence of a single mutant genome. Recently, Vizioli et al. discovered the formation
of a SASP trigger called cytoplasmic chromatin fragments (CCFs) through activation of the
innate immunity cytosolic DNA sensing cGAS–STING pathway. This pathway is targetable
by drug interventions such as the HDAC-inhibitor. They reported that the compound
effectively suppressed oxidative stress, CCDs and SASP, both in vitro and in vivo, and
successfully restored the mitochondria function. The decreased mitophagy in the senescent
mitochondria can also be restored by the HDAC-inhibitor [66,67].

2.8. Cellular Senescence

In a normal condition, senescent cells do occur, but they are eliminated by immune
cells and replaced. However, in aging condition, the senescent cells are not removed
efficiently and tend to accumulate over time. SASP is a unique feature of senescent cells
which induce autocrine and paracrine signaling of pro-inflammatory factors. SASP consists
of molecules that are commonly upregulated in inflammaging such as IL-6, TGF-β, IL-1α,
TNF-α, matrix metalloproteinases (MMPs), insulin-like growth factor-1 binding proteins
(IGFBPs), and other non-soluble extracellular matrix proteins. Senescence-associated β-
galactosidase (SA-β-Gal) is a hallmark of senescent cell, in which its expression can be
modulated by single-nucleotide polymorphism-1 (SIRT1). SASP occurs in response only
to persistent DNA damage signaling and is dependent upon the DNA damage response
(DDR) proteins ATM, Nijmegen breakage syndrome 1 (NBS1), and checkpoint kinase 2
(CHK2). The NF-κB pathway is also activated by the DDR proteins [68,69].

Even without the presence of DDR, senescence can still be formed from the overexpres-
sion of the cyclin-dependent kinase inhibitors CDKN1a/p21Cip1 or CDKN2a/p16INK4A [70,71].
The reduced expression of p16INK4a, which can be identified by a diminished SA-β-gal activ-
ity can ameliorate an age-related decline in T cell responsiveness to CD3 and CD28 [71–73].
Moreover, the transcriptional activation of the CDKN2a locus prevents the proteasomal
degradation of p53 through Mdm2 inactivation using p14ARF [74]. p53 is another aging
factor as its overexpression has been shown to induce premature senescence in mice in
multiple tissue types [75–77]. The senescence-inducing capacity of p53 has potential in
treating various cancers and aging T cells replicative senescence [78,79].

SASP is both the result of aging and the driver of further senescence. According
to Ogata et al., the senescent fibroblasts are usually cleared by the induced apoptosis by
TNF-α secreted from macrophages, then the phosphatidylserine (PS) receptors would be
exposed and recognized by the macrophages for phagocytosis. Nevertheless, in aging, this
SASP phenotype impairs the clearance of senescent cells by attenuating the function of the
immune cells, and also precipitate an accumulation of aged cells that exceeds the immune
cells clearance capacity [80].
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3. Age-Associated Changes in the Innate Immune System

The age-associated changes in the innate immunity are relatively milder than seen in
the adaptive immunity. Nevertheless, notable differences can be made of the innate immune
cells between the young and old subjects. Animal and human studies have demonstrated
that aged HSCs appear to exhibit an increased bias toward myeloid differentiation with
a reduced capacity toward lymphoid differentiation [44,81,82]. Ergen et al. stated that
the inflammatory cytokine, RANTES, which is elevated with aging, is responsible in
stimulating the myeloid biased HSCs and diminishing the lymphoid output [82]. In frail
subjects, the myeloid cells including monocytes and natural killer (NK) cell counts are
elevated. Neutrophil count is reported to be constant or elevated [83–86]. Moreover, there
are reported changes in the innate immune cells function including reduced chemotaxis,
diminished phagocytic capacity, increased pro-inflammatory cytokine expression and
altered signaling pathways in response to antigens and granulocyte colony-stimulating
factor (G-CSF) [83,87].

3.1. Monocytes/Macrophages

One of the significant alterations in the innate immunity with age is the upregulated
expression of inflammatory pathway genes in monocytes/macrophages including the
pro-inflammatory marker IL-6 [17]. An in vitro study by Hsieh et al. observed the effect
of senescence on dengue virus infection. The monocytes which were induced into senes-
cence using D-galactose exhibit pro-inflammatory activity and increased DC-SIGN (CD209)
expression, which indicates an increased propensity to viral, bacterial, and parasitic infec-
tion. The increase in DC-SIGN is partially attributed by the higher secretion of IL-10 by
senescence monocytes [2].

On the other hand, the aging non-classical monocytes actively secrete excessive levels
of TNF-α and IL-8 [86]. In the older adults, the decreasing level of magnesium superoxide
dismutase (MnSOD) is correlated with the increasing oxidative stress in the macrophage.
MnSOD is an antioxidant enzyme located in the macrophage mitochondria matrix, which
functions to protect the macrophages from low density lipoprotein (LDL)-induced apop-
tosis [87]. The toll-like receptors (TLRs), which act like a bridge between the innate and
adaptive immune system declines with age. This results in an altered cytokine production
and response which then affects the adaptive immune system [88–90].

Transforming growth factor (TGF)-β is another cytokine upregulated by senescent
monocytes. TGF-β together with IL-10 suppress dendritic cell (DC) function and pro-
mote the M2-type macrophage polarization. Moreover, TGF-β level affects the adaptive
immune system by converting naïve CD4+ T cells into Tregs, regulating the differen-
tiation of T-helper type 1 (Th1) and Th2 cells, and inhibiting B cell proliferation and
responsiveness [81,91]. Naturally, the dysregulated TGF-β secretion is detrimental to the
upkeep of T and B cells as well. Consequently, the chronic age-related stimulation of
monocytes in the absence of immunological insult leads to inflammaging.

3.2. Neutrophils

The neutrophil count throughout a person’s lifespan is relatively constant but some
studies noted a decrease in function [92]. Wenisch et al. stated that the phagocytic capacity
of neutrophils is impaired with age. Their study suggested that the neutrophils of the
elderly have increased intracellular calcium concentrations at a resting state, decreased
phagocytic ability, and diminished bactericidal activity due to the reduced production of
intracellular ROS [93].

Furthermore, older adults are more prone to neutropenia during infection due to in-
sensitivity to G-CSF. According to Zhang et al., the neutrophils are persistently activated in
the aged microbiota through TLR and myeloid differentiation factor 88 (MyD88)-mediated
signaling pathways. The neutrophils also have significantly elevated activation of TLR
and NOD-like receptor (NLR), and NF-kB signaling pathways and express higher levels
of TLR4 surface antigen [84]. Next, Roy-O’Reilly et al. stated that aging augments the
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ROS production in circulating neutrophils and suppresses the neutrophil clearance mech-
anism which results in an overabundance of circulating neutrophils [94]. Under normal
conditions, the circulating neutrophils will be cleared in the bone marrow, liver, and spleen.
However, the aged neutrophils proceed to accumulate at the site of inflammation.

Unlike the other reports of neutrophils with diminished function due to age, Uhl et al.
reported the age-related enhancement of the phagocytic capacity of the aged neutrophils
through contracting the b2integrin Mac-1/CD11b and spleen tyrosine kinase-dependent
signaling event. Uhl et al. also noted that aged neutrophils migrate more efficiently to
the site of inflammation as they can instantly translate inflammatory signals to engage
TLR-4 and p-38 MAPK-dependent pathway. Interestingly, the aged neutrophils did not
have elevated respiratory burst nor cytokine production, which prevented the harmful
effects to the surrounding tissue [95]. On the contrary, Zhang et al. mentioned that aged
neutrophils tend to produce neutrophil extracellular traps (NETs) and ROS excessively,
which will cause harm to the surrounding tissue [84].

All in all, the defective neutrophil function and their upregulated inflammatory activ-
ity may reduce the efficacy of the aging immune system in eliminating foreign pathogens,
subsequently exacerbate disease outcomes. Nevertheless, the study by Uhl et al. suggested
otherwise, which prompted more in-depth studies on the role of neutrophils in aging.

3.3. Natural Killer (NK) Cells

There is an increase in late NK cells as the host ages. However, this increase does
not indicate an upregulated function, but simply an accumulation of long-standing NK
cells [85,86,96]. The antiviral capacity decreases with age due to the decreased chromatin
accessibility of their activating receptor [97].

4. Age-Associated Changes in the Adaptive Immune System

The adaptive immunity includes cell-mediated immunity and humoral immunity me-
diated by the T cells and B cells, respectively. The distinctive traits of adaptive immunose-
nescence include the decline of naïve lymphocytes and increasing antigen-experienced
lymphocytes, especially of the memory phenotype. The senescent lymphocytes have
limited capacity in eliminating novel antigens, have a pro-inflammatory cytokine profile,
favors the development of autoimmunity and can evade apoptosis [86,98–101].

4.1. T Cells

The modifications in the adaptive immune compartment due to age largely compro-
mises the immune responses and predisposes the older adults to frailty. The major alter-
ation of the immune system is focused on the T cell repertoire. Under normal circumstances,
T cells are central in the clearance of infection and tumor through immune-mediated cell
death. The remodeling includes a population shift from naïve cells to terminally differ-
entiated memory cells. The incessant replication of T cells in response to stimulate also
exhausts the proliferation capacity, leading to senescence. In other words, as the subject
gets older, his immunity enters an immune cell refractory state where the responses of
both T and B cells to novel antigens decline [47,98,102]. The reduced CD4/CD8 ratio with
age also indicates a higher risk of infections. The persistent antigen load, for example, the
chronic cytomegalovirus (CMV) infections, which precipitated with age may be the cause of
the expansion of both CD4+ and CD8+ Tmem, but in the cost of diversity [81,98,103]. These
changes resulted in increased cytokine production, diminished chromatin remodeling, and
poorer antiviral capacity [86].

On the contrary, Lelic et al. argued the CD8+ Tmem function is not age-dependent,
and the responses to de novo viral antigens are comparable to young human subjects. The
apparent decrease of naïve CD8+ T cells in the peripheral blood is not a full representative
of the naïve T cell pool as naïve T cells may still be concentrated in the human lymphoid
tissues. Nevertheless, the measurement of T cells collected in the tissues is not feasible for
a living individual, and most data have been collected from murine models instead [98].
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Even so, murine data may not be completely representative for human T cells. Xie et al.
reported that old C57BL/6 mice (21 months old) did not show loss of CD28 expression but
instead, they present a notable increase of CD28+ CD8+ T cells when compared to young
mice (7 months old) [104]. To simulate the human immune system, humanized mice are
developed by transplanting human CD34+ HSCs to immunodeficient mice. Nonetheless,
the mice fail to demonstrate antigen-specific T effector cell response due to the maturation
location in mice thymic environment [105].

CD28 is a costimulatory molecule to CD8+ T cells, which binds to CD80 on antigen-
presenting cells to induce IL-2 to promote cellular survival and proliferation. The aging cells
losing CD28 yet gaining CD57 is another characteristic of immunosenescence, which reflects
its diminished capacity to proliferate [16,98,103]. Lee et al. also noted that stimulated CD28-
T cells produce larger amounts of pro-inflammatory IFN-γ and TNF-α [99]. Senescent T
cells that lost the CD28 expression also show resistance to apoptosis and diminished caspase
3 activity in response to apoptotic stimuli. Hence, these aged cells tend to accumulate and
are irremovable by programmed cell death [85].

Next, the expansion of Treg cells aided by T-helper 17 cells (Th17) may precipitate
autoimmunity in the older adults. Treg cells also dulls the CD4 and CD8 functions, which
increases one’s susceptibility to infection and cancers [88,106].

Moreover, mitochondria within T cells play an essential role in regulating the sec-
ondary messengers especially Ca2+ and ROS. Mitochondria dysfunction is apparent with
age, in which the defects are reflected in the diminished Ca2+ signaling in the T cells.
In addition to that, oxidative phosphorylation (OXPHOS) and glycolysis are the main
sources of energy in the T cells, with OXPHOS particularly essential to naïve T cells prior
to activation and rapid proliferation. During an immune response, the T cells activated by
TCR stimulation and CD28 switches from OXPHOS to glycolysis to satisfy their metabolic
requirement. The reducing mitochondrial mass as result from active proliferation also
favors the metabolic bias to glycolysis. Nevertheless, all T cell subsets still utilize OXPHOS
but at a varying and generally reduced capacity [107,108]. Sanderson and Simon noted
that CD8+ Tmem cells have increased mitochondrial mass in the older population, but the
other T and B cells remain unchanged [40].

4.2. B Cells

The humoral component of the adaptive immune system, the B cells are not an
exception to the immune remodeling caused by age. The characteristics of B cells in older
adults include decreased production of high-affinity antibodies and diminished antibody
responses to pathogens [86,101]. The aging pro-B cells have diminished ability to respond
to IL-7, a hematopoietic growth factor essential to the maturation of B cells [100,101]. Then,
the pre-B cells receptors which are lost due to the diminution of the surrogate light chain
(SLC) also limits the expansion of pre-B cells. Consequently, only a proportion of naïve B
cells mature into functional B cells [100,109].

The age-related defects on the B cell receptors reduce the affinity and signaling re-
quired to activate the B cells in response to stimuli. The mechanisms required to generate
effective high affinity antibodies are compromised as shown in the decreased activation-
induced cytidine deaminase (AID) expression, which is essential for somatic hypermu-
tation and class-switch recombination. Moreover, the germinal center, which is essential
for antibodies to undergo affinity maturation and somatic hypermutation, declines with
age [47,100]. As demonstrated in the murine model, the immunization results in a similar
amount of antibody but the affinity is severely reduced.

The prolonged elevation of circulating TNF-α level leads to the increment of TNF-α
level within B cells. Additionally, the old follicular B cells also have higher secretion of
TNF-α. This causes the formation of a larger proportion of exhausted B cells and decreased
switched memory B cells. High level of endogenous TNF-α also deteriorates the antibody
responses of B cells [100,102]. In addition, IL-21 and IFN-γ are found to promote the
formation of aged B cells [47,100]. The ability of older adults to respond to de novo antigens
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is diminished due to the decrease in B cell repertoire diversity. This encompasses the loss
of naïve B cells and the accumulation of long-lived memory cells in the B cell pool. The B
cell receptor clonality also increased with age, indicating the decrease of unique clonotypes
in B cells [86]. The diminished B cell functions may be related to the overexpression of
SASP marker in the switched memory B cells in the older adults [110–112]. In spite of that,
the memory cells produced in early life remain functional [101,113].

The age-associated B cells that gradually accumulate with age are more likely to secrete
autoantibodies. In addition, B cells from older adults have poorer production of IL-10 that
has been reported to reduce autoantibody production. Furthermore, the aged B cells tend
to shift activated CD4+ T cells to Th17 phenotype, which is associated with autoimmune
disorders. Thus, the B cells in the older adults become prone to causing autoimmune
responses and may precipitate the development of autoimmune diseases [88,100,114]. The
effects of age on the immune cells along with the prospects of MSC to improve those
shortcomings are summarized in Table 1.

Table 1. The functional changes of immune cells in immunosenescence and the current evidence of MSC that improved the

function of the aged cells. (‘↓’ = decrease; ‘↑’ = increase; ‘-‘ = no change).

Cell
Functional Changes in

Immunosenescence
Implications

Current Evidence of MSC
Research

Innate immune cells

Monocyte/Macrophage

α α

α
α
γ

↓ ↑

 

↑

↑

↑
↓
↓

↓

↓

↓

↑
↑
↑

↑
↑

↓

↓
↓
↓

↑
↓

↓

↑
↑

↓
↓

↓

↓
↓

↓
↓

γ

↑ polarization from M1 to M2
phenotype [80]

↑ proinflammatory cytokines [80]
↑ CD38 [115]

↓ antioxidant [116]
↓ NAD+ [117]

↓ removal of senescent cells
[80]

↓ TLR expression and
function [118]

↓ phagocytosis [36,116]

Induced polarization of M2 to M1
[36,119]

Enhanced the macrophage
phagocytic ability [36]

Increased the expression of
anti-inflammatory factors [119]

Neutrophil

α α

α
α
γ

↓ ↑

↑

↑

↑
↓
↓

↓

↓

↓

 

↑
↑
↑

↑
↑

↓

↓
↓
↓

↑
↓

↓

↑
↑

↓
↓

↓

↓
↓

↓
↓

γ

↑ TLR4 [84]
↑ adhesion molecules [95]
↑ intracellular calcium [93]

↑ NET [84]
↑ CXCR4 [84]

↓ sensitivity to G-CSF [120]
↓ intracellular ROS

↓ CD44 [94]
↓ CD62L [84]

↑ aberrant migration [121]
↓ clearance [94]

↓ phagocytosis [122]

Reduced expression of
cytokine-induced neutrophil

chemoattractant-1 and IL-6 [123]
Reduced neutrophil infiltration in

respiratory infection [34]
Enhanced the neutrophil
phagocytic ability [124]

Suppressed NET formation [125]

NK cell

 

↓

↑
↓
↓

↓

↑

↑
↑
↓

γ

↑ α

↑
↓

↓

↓

↓

γ
α α

≥
≤

↑/- KIR [126]
↑ CD56DIM NK [97,127]

↓ CD94 [126]
↓ NKp30 or NKp46 expression

[127]
↓/- perforin-mediated NKCC

[126]
↓ CXCR1 [126]

↓/- Lytic activity [126]
↓ production of cytokines and

chemokines [97]
↓ clearance [126]

↓ reduced anti-microbial
function [126]

Decreased in IFN-γ production
[128]

Inhibited NKCC [129]
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Table 1. Cont.

Cell
Functional Changes in

Immunosenescence
Implications

Current Evidence of MSC
Research

Adaptive immune cells

T cells

↓

 

↑
↓
↓

↓

↑

↑
↑
↓

γ

↑ α

↑
↓

↓

↓

↓

γ
α α

≥
≤

↑ Treg [88,106]
↓ naïve cells [113,130]

↓ diversity in TCR [130,131]
↓ CD28 expression [104]

↑ proinflammatory cytokines
[131]

↑ autoimmunity [7]
↑ risk of infection [3,4]

↓ clearance [131]

Decreased the secretion of IFN-γ
by Th1 [128]

Increased secretion of IL-4 by Th2
[128]

Increased proliferation of Treg
[34,128]

Inhibited T cell proliferation
[128,132–136]

Induced phenotypic shift of Th1
to Th2 [137]

Decreased CD8 population [138]

B cells

↓

↑
↓
↓

↓

↑

↑
↑
↓

γ

 

↑ α

↑
↓

↓

↓

↓

γ
α α

≥
≤

↑ Intracellular TNF-α [111]
↑ BCR clonality [100]

↓ decreased AID expression
[100,102]

↓ response to novel antigen
[100]

↓ somatic hypermutation
[100]

↓ class-switch recombination
[100]

Inhibited B cell proliferation
[139,140]

Reduced IL-10 production [139]

NAD—Nicotinamide adenine dinucleotide, TLR—toll-like receptor, NET—neutrophil extracellular traps, G-CSF—Granulocyte colony-
stimulating factor, ROS—reactive oxygen species, KIR—Killer-cell immunoglobulin-like receptor, NKp—NK cell precursor, CXCR—CX-
chemokine receptor, NKCC—Natural killer cell cytotoxicity, IFN-γ—Interferon-gamma, Treg—T regulatory cell, TCR—T cell receptor,
Th—T helper, TNF-α—Tumor necrosis factor α, BCR—B cell receptor AID—activation-induced cytidine deaminase, IL—interleukin.

5. Mesenchymal Stem Cell Therapy to Reverse Aging Effects on the Immune System

According to The International Society for Cellular Therapy (ISCT) 2006, there are three
minimal criteria for defining MSCs: “(i) MSC must be plastic-adherent when maintained in
standard culture conditions. (ii) ≥95% of the MSC population must express CD105, CD73
and CD90, and ≤2% of the MSC population express of CD45, CD34, CD14 or CD11b, CD79a
or CD19 and HLA Class II surface molecules. (iii) MSC must differentiate to osteoblasts,
adipocytes and chondroblasts in vitro.” [141].

MSCs lack MHC class II, which translates to low immunogenicity and allows both
allogeneic and autologous MSC transplantation. Standardization and commercialization
of allogeneic MSCs would be readily available at a reduced cost due to the lack of need
to create a personalized cell therapy from the autologous source and the potential of
expanding the cells in large-scale [142]. To date, MSCs have been used in clinical trials
for osteoarthritis, spinal cord injury, diabetes mellitus, autoimmune disease (Crohn’s
disease, multiple sclerosis, systemic lupus erythematosus, and systemic sclerosis), and
systemic diseases such as graft-versus-host diseases and sepsis [30,143–145]. Additionally,
MSCs also have been used to treat neonatal diseases, i.e., intraventricular hemorrhage,
bronchopulmonary dysplasia, and necrotizing enterocolitis [146].

5.1. Mechanism of MSCs Action on Immune System

Some evidences showed that the ameliorating effects of MSCs on the immune system
are not due to direct engraftment and cell replacement, but rather paracrine manner and
direct cell-to-cell contact [26,147]. MSCs secrete soluble paracrine factors including TGF-β,
prostaglandin E2 (PGE2), indoleamine 2,3-dioxygenase (IDO), hepatocyte growth factor
(HGF), nitric oxide (NO), interferon-gamma (IFN-γ), IL-2, and IL-10, which produce an
immunomodulatory effect. They also express FasL and PD-L1 for contact-dependent inhi-
bition to induce T cell apoptosis [20,26]. MSCs express IL-10, which is an anti-inflammatory
and immunoregulatory cytokine. Furthermore, they produce IL-6 and IL-8, which are
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known to be associated with MSC tissue repair potential [148]. Subsequently, MSCs control
the inflammatory state as evidence of the reduced expression of proinflammatory cytokines
such as TNF-α, IL-1β, IL-6, and CRP [140]. Then, the STAT6 pathway is activated by IL-4,
which then stimulates the MSCs to secrete TGF-β. This promotes the development of CD8+
T cells and Treg cells while suppressing the Th1 [149–154]. Moreover, MSC-secreted TGF-β
has a role in macrophage polarization towards the M2 phenotype. These M2 macrophages
stimulate the expression of IL-10, which alleviates inflammation. The macrophage phago-
cytic ability is also enhanced by TGF-β through Akt-FoxO1 pathway [36,119]. Table 2
shows the list of potential markers involved in inflammaging, which may be useful to
determine the efficacy of MSC therapy.

Table 2. The potential ‘inflammaging markers’ related to inflammatory diseases and aging. These

markers may be used to validate the efficacy of MSC treatment. (‘↓’ = decrease; ‘↑’ = increase; ‘-‘ = no

change).

Potential ‘Inflammaging Markers’ Status in Inflammaging References

IGF-1 ↓ [17,155,156]
CD4+ T cells ↓ [19,40,81,98]

CD28+ T cells ↓ [11,157,158]
CD19+ B cells ↓ [88,114]

IL-10 ↓/- [2,35,39,50]
TGF-β ↓ [33,156,159,160]

IL-2 - [161]
IFN-γ ↑ [161,162]
TNF-α ↑ [161,163,164]

IL-6 ↑ [15,36,156,165,166]
WBC ↑ [17]

CD8+ T cells ↑ [19,40,81,98,103,157,167]
CD56+ NK cells ↑ [86,96,97,103,126,168]

IL-1β ↑/- [36,164]
IL-15 ↑ [164]
IL-18 ↑ [164]
CD68 ↑ [163]

MCP-1 ↑ [163]
IL-17 ↑ [34]

IL-8 (CXCL8) ↑ [11,86]
CXCL10 ↑ [169,170]

CCL2 ↑ [170,171]

The study of MSC effects on the immune system is largely focused on T cells rather
than B cells, as its effects are more prominent in the former. Rosado et al. suggested that the
prerequisite of MSCs to exert effects on B cells is a functional T cell population. Cell-to-cell
contact between MSCs and T cells inhibit the proliferation and antibody production of
B cells, which in turn, may aid in the management of autoimmune conditions and graft
rejections [139]. Moreover, Lee et al. noted that the xenogeneic transplantation of human
MSCs (hMSCs) in SLE mice models only inhibited the T cells but not the B cells. However,
hMSCs that are primed with IFN-γ have increased CXCL10 and IDO expression, which
effectively attracts B cells for contact inhibition [140].

In a study by Shin et al., they found that adipose tissue-derived MSCs (AT-MSCs) treat-
ment successfully prevented the ill-effects of sepsis by mitigating the systemic inflammation
and multi-organ damage. They observed the drop in pro-inflammatory markers namely
IL-6 and TNF-α and reduced damage in kidney, lungs, and liver [35]. During the treatment
with MSCs, there is an increased expression in inflammatory cytokines including IL-1α,
IL-1β, and IL-6. It is important to note that this increase is not associated with the severity
of inflammation, but it is to prime the MSCs for a sustained immunosuppression [148].

The mechanism of action of MSCs on the immune system is not constitutively in-
hibitory, but is acquired after exposure to the inflammatory environment with IFN-γ. IFN-γ
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is one of the cytokines released by T cytotoxic cells during inflammation. Therefore, in
Th17 centered inflammatory response, MSC treatment would require the addition of Treg
to successfully regulate the inflammation [140,172]. Lim et al. found that combination
of MSCs and Treg has shown promising results in IFN-γ knockout mice with reduced
inflammation and IL-7 production [172]. Additionally, Fan et al. divulged that the IFN-γ
stimulation could also induce a higher expression of galectin-9 (Gal-9) in the umbilical
cord-derived MSCs (UC-MSCs) through the signal transducer and activator of transcrip-
tion (STAT) and c-Jun N-terminal kinase (JNK) signaling pathways. Gal-9 is one of the
constitutively expressed immunomodulatory components of MSCs, which acts by sup-
pressing CD4+ T helper cells (Th1 and Th17) and CD8+ T cytotoxic cells and regulates the
suppressive activity of Treg. Even so, when Gal-9 production is inhibited, MSCs could still
exert its immunosuppressive function through paracrine manner [172]. Roux et al. also
observed a significant reduction in the population of both CD4+ and CD8+ T lymphocytes
post-treatment with human iPSC-derived MSCs. The immunosuppression on T cells by
MSCs was further substantiated with the increased expression of LAG3 and CTLA4, and
cytokines including IL-10, TGF-β, and LIF [148]. Li et al. observed a significant increase in
CXCR3+ Tregs in the lungs and lymphoid tissues post-MSC infusion. MSCs also increased
the production of CXCL9 and CXCL10 produced by lung phagocytes which mediate the
recruitment of Tregs [34].

Anderson et al.’s experiment on mice has also shown that murine AT-MSCs reduced
the severity of experimental autoimmune encephalomyelitis (EAE) in mice. It is achievable
due to the inhibition of the autoimmune T cell response with no increase in foxp3 Tregs.
Moreover, MSCs inhibited the maturation of DCs in vitro via COX-1/2 activity and also
lowered the amount of activated DCs in the lymph nodes of EAE mice [173]. DCs from
the older adults have increased reactivity to self-antigen, hence their constantly activated
state produces proinflammatory cytokines and stimulates the proliferation of T cells [174].
Through the inhibition of DC maturation, the inflammatory state of EAE was managed.
Moreover, a study by Liu et al. transplanting human UC-MSCs into mice model showed
significant improvements in the EAE pathogenesis in which the transplantation stimulated
spinal cord remyelination and induced a shift of Th1 to Th2 [137]. Another study by
Donders et al. using Wharton’s jelly-derived MSCs (WJ-MSCs) also found reduction in
signs and severity of EAE in rats. Nevertheless, they found that the ameliorating effects
of MSCs were only temporary, and the transplanted rats will clinically deteriorate again.
Although repeated dosages of MSCs were administered, the disease pathogenesis of EAE
did not improve [134]. This contradicting data calls for more research data on the extent of
MSC regenerative capability in clinical use. Table 3 shows the effect of MSC on the immune
system in human clinical studies.
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Table 3. A summary of clinical studies of MSC effects on the immune system from 2017–2021.

References Human Subjects MSC and Dosage
Results (Related to Immune Cells and

Inflammatory Markers)
Additional Notes

Golpanian et al.
(2017) [175]

An average age of 78.4 ± 4.7 years
and Clinical Frailty Score of 4–6

Group 1 = 20 × 106 allo-hBM-MSCs,
IV injection

Group 2 and Group 3 showed significant
decrease in TNF-α, whereas Group 1

showed moderate reduction.

100 × 106

cells is the optimal dose level.
Group 2 = 100 × 106

allo-hBM-MSCs, IV injection No significant changes were seen in CRP,
IL-6, fibrinogen, D-dimer, and white blood

cell counts.

No additional benefit or loss of effect when
200 × 106 cell dose was used.Group 3 = 200 × 106

allo-hBM-MSCs, IV injection

Tompkins et al. (2017)
[138]

Age ≥60 and ≤95 years with
Clinical Frailty Score of 4–7

Group 1 = 100 × 106

allo-hBM-MSCs, IV injection

Decreased serum TNF-α levels in Group 1.

No therapy-related side effects occurred.

Decreased B cell intracellular TNF-α in both
Group 1 and Group 2.

Decreased early CD 69 and late activated
CD25 T cells in both Group 1 and Group 2.

Decreased CD8 in Group 2.

Group 2 = 200 × 106

allo-hBM-MSCs, IV injection

No changes in CD4 in both Group 1 and
Group 2.

CD4/CD8 ratio increased in Group 2.

No significant changes noted in IL-6, CRP,
D-dimer, CBC,

and fibrinogen in both Group 1 and
Group 2.
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Table 3. Cont.

References Human Subjects MSC and Dosage
Results (Related to Immune Cells and

Inflammatory Markers)
Additional Notes

Chin et al. (2020)
[176]

Healthy, non-frail subjects with
mean age of 55 ± 13 years

Group 1: 65 × 106 allo-hUC-MSCs,
IV injection

In Group 1, no significant changes were
noted in the serum levels of IL-10, IL-1RA,

IL-6, PGE2, and TNF-α.
No therapy-related side effects occurred.

In Group 2, the serum IL-1RA level was
significantly increased for at least 6 months

post-infusion.

The serum IL-6 level throughout the
6 months monitoring period was higher in

Group 2 than in Group 1.

The immunoglobulin E (IgE) level
remained low within the normal range

which indicated that there were no
hypersensitivity reaction post-infusion.

Group 2: 130 × 106 allo-hUC-MSCs,
IV injection

The serum TNF-α level was significantly
lower at day 2 in Group 2 than Group 1.

Both Group 1 and Group 2 observed a
significant increase in C-reactive protein at
day 2 post-infusion, which then dropped

continuously over 6 months.

No significant changes in total white cell
count or its subfractions post-infusion.

The albumin/globulin ratio was higher in
Group 2 than in Group 1 at 6 months.

No significant changes in the lung function
tests (FEV1 and FEV1/FVC levels)

post-infusion.

No significant changes in the growth
factors (VEGF, TGF-β, and HGF) level

post-infusion.

Hashemian et al.
(2021) [177]

11 patients diagnosed with
COVID-19-induced ARDS who

were admitted to the intensive care
unit, age range was 42–66 years old

3 × IV injections (200 × 106 cells)
every other day for a total of 600 ×

106 hUC-MSCs (6 cases) or PL-MSCs
(5 cases).

Significant reductions in serum levels of
TNF-α, IL-8 and CRP were seen in all six

survivors.

All six survivors were well with no
complaints of dyspnea on day

60 post-infusion.

IL-6 levels decreased in five patients.
Radiological parameters of the lung CT
scans showed great signs of recovery.

IFN-γ levels decreased in four patients.
Four patients who had signs of multi-organ

failure or sepsis died in average 10 days
after the first MSC infusion.

IL-4 and IL- 10 levels increased in four
cases, but the differences were not

statistically significant.

FEV1—forced expiratory volume in one second, FVC—forced vital capacity, COVID-19—Coronavirus disease 2019, ARDS—Acute Respiratory Distress Syndrome, PL-MSCs—placental MSCs, CT—computed
tomography.
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All the above findings also fortify the concept that MSCs might not be a permanent
solution to restore a healthy cell population. MSCs may have been seen as effective in
past studies due to their paracrine effects but not cell replacement. This may explain
the relatively fast drop in the inflammatory state when MSC therapy commences. Fan
et al. noted that transplanted MSCs do not retain its population over time. Yet, the
expression of Gal-9 continues to increase post-therapy, suggesting that a certain degree of
immunosuppression can persist [172]. Li et al. postulated that the therapeutic protection of
MSCs lasts more than 14 days whereas Donders et al. only observed the therapeutic effects
for a week [34,134]. Additionally, Chin et al. continued to observe an increased level of
anti-inflammatory cytokine IL-1RA in subjects from baseline up until 6 months post-MSC
transfusion. However, note that the subjects were healthy and middle-aged which may
contribute to the relatively long effectiveness of the treatment [176]. A possible solution to
the limitation of MSC therapy is to find ways to sustain the survival of transplanted MSCs
and increase the cell homing to the target sites to prolong the therapeutic effects.

5.2. Translational Application of MSCs

Bone marrow-derived MSCs (BM-MSCs) were the default source of MSCs. Nonethe-
less, the highly invasive procurement procedure, low cell yield (0.001–0.01% of bone
marrow mononuclear cells) and multipotency that diminishes with donor age encouraged
studies to be conducted on other sources of MSCs. Peripheral blood-derived MSCs (PB-
MSCs) mobilized by the G-CSF are identical to BM-MSCs, but are more easily procured.
However, both BM-MSCs and PB-MSCs have longer doubling time compared to MSCs
from other sources [178]. PB-MSCs have been reported to possess the highest immunosup-
pressive capability among PB-MSCs, UC-MSCs, AT-MSCs and BM-MSCs [26]. However,
contradictory results have been reported in others studies [144]. AT-MSCs can be ob-
tained easily as surgical waste and lipo-aspirates at a high concentration up to 3% whereas
UC-MSCs has the highest degree of multipotency than BM-MSCs and AT-MSCs [26].

To date, there is no definite evidence that suggests the best source of MSCs for clinical
use. The sources are classified into adult and neonatal tissue derived, which have their
advantages and disadvantages depending on its use. The heterogeneity among MSCs
from different sources and the differences in cell treatment protocol make it impossible
for direct comparison. Naturally, MSCs derived from perinatal tissues have stronger
immunomodulatory properties compared to the aged source. UC-MSCs and WJ-MSCs
are non-senescent, highly proliferative and with potent differentiation potential [26,179].
In application regarding immunosenescence, declining cellular functions and chronic
sub-clinical inflammation are of concern in an aging person. Hence, allogenic UC-MSCs
and WJ-MSCs seem more suited to be used in this subject matter. Nevertheless, the
plasticity of UC-MSCs relies on the metabolic condition of the mother during pregnancy.
UC-MSCs collected from gestational diabetes mellitus mothers displayed earlier cellular
senescence and decreased cell growth [180]. Therefore, UC-MSCs should be sourced from
healthy mothers to ensure a high biological quality of stem cells is obtained for clinical
use. Abolhasani et al. also reported that the gestational age and in vitro expansion can
influence the immunomodulatory properties of UC-MSCs [181].

Next, the optimal method of administering MSCs has yet to be determined. The MSCs
can be introduced into the body locally or systematically. Local administration of MSCs
targeted to the injury site and produced rapid results. However, there is a risk of cell
death and bleeding at the site of application [182]. The systemic administration including
intraperitoneal (IP), intravascular (IV), subcutaneous (SC), and intramuscular (IM) delivery
have varying cell fate and therapeutic efficacy. Castelo-Branco et al. found that the IP
method produced better homing and inflammation suppression than IV [33]. On the
contrary, Gonçalves et al. contended that the IV administration of MSCs was more effective
than IP method in the treatment of colitis as IV administration managed to stimulate a
higher level of immunosuppression [183]. However, MSCs administered through the IV
route tend to become entrapped in the lungs, with only 10% of the transplanted cells
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accumulate at the site of damage [34,182,184]. Roux et al. stated the preference of IP over
IV as to avoid the risk of pulmonary embolization which may lead to the surge of an
anti-inflammatory protein known as TSG6 [148]. IM injection is another possible route of
MSC delivery which is advocated by Braid et al. for producing the longest cell retention
time in the host body when compared to IV, IP, and SC, which was more than 100 days.
Both IM and SC implantation sites also retained most of the MSCs, which shows a potential
for controlled MSC dosage [184]. Furthermore, IM is less invasive than IV. Nonetheless, the
research data on effects of IM administration of MSCs on the immune system is inadequate
compared to the more established IV method.

Ueda et al. injected MSCs contained in collagen scaffold to the dorsum part of mice
which considerably prolonged the retention of MSCs at the transplantation site for at least
2 weeks. The collagen scaffold acted as a reservoir for the exogenous MSCs and preserved
the self-renewal, multipotency, and homing functions of MSCs. Furthermore, the formation
of aggregates, which commonly occurs with IV administration can be avoided [182].

Ebrahim et al. compared the efficacy of standard treatment using antileukotriene drug
(Montelukast) versus MSCs in the treatment of allergic rhinitis. MSCs exert immunomodu-
latory effects on the adaptive immunity by shifting the TH1/TH2 balance through T cell
suppression and production of Treg. Rats treated with MSCs showed significant improve-
ment in the allergic and inflammatory response and less damage to the nasal epithelium,
which is superior compared the rats treated with antileukotriene drug [185]. El-Gendy
et al. compared AT-MSCs with etanercept in terms of preventive and therapeutic efficacy
in rheumatoid arthritis. Etanercept is an anti-inflammatory drug commonly prescribed
for rheumatoid arthritis and other inflammatory conditions. The results of rats treated
with both groups are comparable in terms of suppression of clinical signs, less severity of
joint deformity, and modulation of immune responses. The etanercept group showed the
lowest TNF-α level but the AT-MSCs group had significantly higher levels of Treg cells and
IL-10 [186]. These results showed the promising prospect of MSCs to substitute the current
prescription in improving inflammatory conditions.

Golpanian et al. and Tompkins et al. conducted the phase I and phase II clinical trials
in aged patients by administering different doses of allogeneic MSCs through the IV route.
The studies monitor the adverse effects as well as the patients’ physical performances and
TNF-α level for six months. Both studies demonstrated that 100 million allogenic MSCs
is the most optimum dosage in frail patients which produced significant improvements
in both physical and inflammaging condition, noting reduced circulating TNF-α level.
Safety of IV administration of allogeneic MSCs is also demonstrated when treatment
emergent-serious adverse events are absent in the treated patients [138,175].

Zheng et al. plotted an extensive immune cell landscape in aging and COVID-19. In
general, COVID-19 patients who are elderly have shown immune cell polarization and
upregulation of inflammatory genes. There is a decrease in TCR and BCR diversity and
an increase in clonality of effector, cytotoxic, and exhausted T cells. The NK cells and
B cells have decreased antigen-presenting ability due to the upregulated inflammaging.
Besides, the phenotype of mononuclear cells involved are inflammatory and persist at
a higher ratio than the T cells. To add insult to the injury, aging also increases the ex-
pression of the COVID-19 susceptibility genes. Unsurprisingly, the elderly patients have
lowered threshold of triggering cytokine storms and lymphopenia, which result in higher
mortality from the infection [86]. MSC has been actively studied for COVID-19 treatment.
Along with the urgency of the COVID-19 pandemic, numerous clinical trials have been
proposed urgently to suggest MSC as an endogenous biological intervention to reduce
the severity of the disease. At the time of writing, there are 53 clinical trials registered on
the https://clinicaltrials.gov/ (accessed on 20 May 2021). In February 2020, a critically
ill COVID-19 patient with severe pneumonia, ARDS and multi-organ injury was treated
with hUCMSCs adoptive transfer therapy. Shortly after the treatment, their haematologic
parameters, immune cell count, blood chemistry and clinical presentation of pneumonia
vastly improved in a short time. After 8 days, the patient was discharged from the intensive
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care unit (ICU). Even though this study had only documented the recovery of one patient,
it is remarkable that MSC may hold such premises [187]. Haberle et al. had also seen great
improvement in their MSC treatment group. At the start of the study, the selected MSC
treatment group had more severe COVID-19 ARDS than the control group, as indicated
by the higher Murray score for lung injury. Finally, the MSC group showed significantly
better pulmonary function and reduced inflammatory cells at discharge when compared to
the control group [188]. Hashemian et al. also reported a significant decrease in the major
inflammatory biomarkers (CRP, IL-6, IL-8, and TNF-α) and a significant improvement in
the opacities of the lung CT scans after the MSC infusions [177].

6. Limitations and Prospects

The issue with stem cell therapy is the directed differentiation of the transplanted cells
into functional mature tissue. Currently, the data on the effects of MSC on the immune
system are mostly collected from animal studies and extrapolated to human use. Laparra
et al. stated that there are significant differences in the immune compartment of adipose
tissue of human and mice in which human carry a more inflammatory steady-state profile
than mice. These differences may affect the accountability of the intended translational
studies [189]. It is possible to derive thymic epithelial cells from embryonic stem cells or
iPSCs to develop humanized mouse models that represent a higher resemblance to human
immunity [43]. Even then, the accumulated data from current studies are non-specific
to inflammation related to aging itself. Furthermore, there are discrepancies in results
observed in different animal models and experimental conditions. Table 4 summarizes
the in vivo data reporting the effects of MSC transplantation on the immune system in the
pathological disease model.

Table 4. A summary of in vivo studies of MSC effects on the pathological immune system from 2012–2020.

References In Vivo Model MSC and Dosage
Results (Related to Immune Cells

and Inflammatory Markers)
Additional Notes

Shin et al. (2012) [35]
Male Sprague–Dawley rats

(Induced endotoxemia)

2 × 106 hAT-MSCs in 100 µL
saline solution, IV tail vein

injection

Decreased the pulmonary IL-6 level.
Endotoxemia animal model
does not completely reflect
septic conditions in human.

Decreased serum and pulmonary
TNF-a levels.

Improved multi-organ
dysfunction induced by LPS.

No changes in pulmonary IL-10.

Gosemann et al. (2012)
[190]

Male C3H/HeN wild type
mice (Induced endotoxemia)

1 × 106 human amniotic
fluid-MSCs in 700 µL PBS, IP

injection

No significant difference in serum
IL-6, TNF-α, MCP-1, IL-10 and

TGF-β.

-
Increased serum IL-2.

Increased percentage of
CD4 + CD25+ lymphocytes
expressing Foxp3+ (Tregs).

Decreased pulmonary neutrophil
infiltration.

Donders et al. (2015)
[134]

Female dark agouti rats (8
weeks old, Induced EAE)

2 × 106 hWJ-MSCs in 500 µL
saline solution, IV tail vein

injection

In contact co-culture, suppressed
polyclonal-induced T cell

proliferation and IFN-γ production.
EAE symptoms improved.

Modulated DC differentiation and
maturation in the presence of LPS.

Therapeutic effect lasted for
about 1 week.

Lee et al. (2015) [191]

BALB/c (H-2d) mice (8–10
weeks old) as BM-MSCs and

spleen cells recipient
C57BL/6-tg (CAG-EGFP;

H-2b) mice as BM-MSCs and
spleen cells donor

5 × 106 allo-mBM-MSCs and
5 × 106 spleen cells, IV

injection

Decreased Th1 secretion of IFN-γ
and TNF-α.

Combined cell therapy
improved the clinical

outcomes in the murine
aGVHD model.

No changes in Th2 secretion of IL-4.

Decreased IL-17 within CD4+ T cells.

Increased CD4+ CD25+ cells.

Increased Foxp3+ T reg cells.
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Table 4. Cont.

References In Vivo Model MSC and Dosage
Results (Related to Immune Cells

and Inflammatory Markers)
Additional Notes

Islam et al. (2019) [192]
Male C57BL/6 mice (14–16

weeks old, HCl-induced lung
injury model)

0.5 × 106 cells/50 mL
phosphate-buffered saline

(PBS) through intratracheal
instillation. 5 minutes later,
0.5 × 106 cells/100 mL PBS

via tail vein IV injection

MSC administration 2 days after HCl
stimulation increased fibrotic

markers including TGF-β1, FN in
BALF, and fibrinogen.

On the contrary, MSC is protective
when administered 14 days after

HCl stimulation.

After correction of lung
microenvironment using lentivirus

carrying human GPx-1, MSC
administered 2 days after HCl

stimulation showed protective effect
(lowered Ashcroft score and

reduction in the level of FN in BALF.

After stimulation of MSC and ARDS
patient plasma, MSC phenotype

shifted (decreased CD105 and CD90)
at 5 days.

El-Gendy et al. (2020)
[186]

Female Sprague–Dawley rats
(6–8 weeks old, CIA)

1 × 106 hAT-MSCs in 100 µL
PBS, IP injection

Low percentage of autoreactive
CD4+ and CD8+ T cells in spleen.

Suppressed clinical signs and
histopathology of CIA.

High percentage of FOX3P+ CD25+
Treg.

Insignificantly reduced serum
TNF-α and anti-CII antibody levels.

Increased the levels of IL-10.

Lee et al. (2020) [140]
Female Lupus-Prone

MRL/Faslpr Mice (12 weeks)
4 × 105 hBM-MSCs in PBS, IV

injection

Decreased the expression levels of all
examined cytokines including IL-2,

IL-4, IL-6, IL-10, IFN-α, IFN-β,
IFN-γ, IL-1β, TNF-α.

Naïve hBM-MSCs can only
inhibit T cells.

Inhibited both T and B cells in the
presence of IFN-γ.

Inhibited B cells through IDO and
CXCL10-dependent manner.

Li et al. (2020) [34]
Female C57BL/6 mice (7–8

weeks old, pristane induced
lupus)

1 × 106 hUC-MSCs, IV
injection

Increased TGF-β levels.

Reduced the severity of
respiratory infection with

improved bacterial
elimination and increasing

Tregs.

Inhibited CCL2 (MCP- 1), TNF-a,
IL-6, IL-1b and IL-17A after 24 h of

infection.

Increased Treg with high expression
of CXCR3 on day 3.

Induced production of CXCL9 and
CXCL10 by lung phagocytes.

LPS—lipopolysaccharide, EAE—experimental autoimmune encephalitis, aGVHD—acute graft-versus-host-disease, CRP—C-reactive
protein, CBC—complete blood count, CIA—collagen-induced arthritis, HCl—hydrochloric acid, BALF—bronchoalveolar lavage fluid.

MSC therapy includes the injection of a large number of cells. Thus, it may pose safety
issues and side effects to the patient. Koch et al. determined that the exosomes extracted
from MSCs can circumvent the safety concern and still exert immunomodulatory functions
by reducing the NK cell number and TNF-α transcription [193]. Mead et al. also observed
promising results in using MSC-derived exosomes which exerted neuroprotective effects on
human stem cell-derived retinal ganglion cells [194]. Furthermore, the authors also found
that priming of MSCs with TNF-α prior exosome collection enhances the neuroprotective
effects.

To date, the optimum dosage of MSCs for transplantation is still undefined. Even
though studies have reported that the use of dosage as high as 1200 million cells is safe;
however, a higher dose does not indicate higher therapeutic efficacy as several studies
have reported better clinical outcomes in the lower dosage group. In fact, the minimum
dosage that is effective was found to range between 100 and 150 million cells, while
doses higher than 200 million were found to be less or not effective [195]. In a phase II
clinical study, Tompkins et al. discovered that only the 200 million group managed to
reduce CD8, thus reinstituting the previously aging-reduced CD4/CD8 ratio. Nevertheless,



Int. J. Mol. Sci. 2021, 22, 5749 20 of 31

there are no significant therapeutic differences between 100 million and 200 million cells
in the other tested parameters which brought to the question on why the therapeutic
effects are limited to 100 million even though the dosage was doubled [138]. Another
recent clinical trial concluded that administration of 130 million cells is more effective than
the lower dosage of 65 million cells in producing immunomodulatory effects in healthy
patients [176]. Therefore, it is postulated that a specific range of cell number is needed
to exert the therapeutic effects and administration of excessive cells does not provide
additional benefits. In the future, studies should be conducted to validate the minimum
effective dose of MSCs that can effectively ameliorate immune system aging.

Current management of acute respiratory distress syndrome (ARDS) is focused on
supportive treatment techniques such as intubated ventilator-assisted breathing, the mor-
bidity and mortality of ARDS remain high [196]. MSCs have been widely investigated as
a potential therapy for ARDS. To date, there have been four completed and five ongoing
clinical trials involving the treatment of MSC in ARDS on http://clinicaltrials.gov (accessed
on 20 May 2021). Note that the immunomodulatory mechanism of MSCs is still indefinite
and their potential adverse effects should not be overlooked. Islam et al.’s crucial findings
discouraged the administration of MSC in a disease state unless a suitable immunologic
profile is achieved. They found that MSCs could be stimulated by plasma of ARDS patient,
which will lead to a possible phenotypic shift (decreased CD105 and CD90 expression)
and the exacerbation of ARDS (increased levels of IL-6, fibronectin, and cytotoxicity). This
study also highlighted a need to ensure that the proper microenvironment indication is met
before MSC therapy and that the approach to certain disease condition should be precise. It
is unsure that this applies to the frailty condition [192]. Note that the age of the COVID-19
patients have an impact on the severity of the disease as discussed earlier, with one of the
severe manifestation of the disease being ARDS. However, the clinical trials did not explore
on the microenvironment of prior to the administration of MSC treatment.

There are two contrasting viewpoints on the role of TNF-α in MSC therapy. TNF-α
is an inflammatory cytokine released by monocytes during inflammatory disease patho-
genesis. Reduction of TNF-α using TNF-α inhibitors, such as etanercept, can reduce the
inflammation. However, MSCs may not be strongly activated for immunosuppression
when TNF-α inhibitors are introduced before MSC transplantation. Gendy et al. did not ob-
serve any protective functions from MSCs which suggested that MSC immunosuppressive
response is activated by inflammatory signals, such as TNF-α [186]. Mead et al. observed
that priming MSCs with TNF-α further enhanced the neuroprotective effect of the secreted
exosomes on retinal ganglion cells compared to the exosomes secreted by the unprimed
cells [194]. On the other hand, Senyuk et al. found that the blockade of TNF-α using
etanercept before and after transplantation of HSCs facilitates long-term engraftment. In
in vitro culture, TNF-α was found to downregulate the genes that regulate pluripotency
such as NANOG, SOX2, and OCT4. TNF-α also caused the epigenetic dysregulation of
CD34+ which reduced the transplantation capacity [197]. The role of TNF-α priming or
blockade paired with stem cell transplantation may produce significant data for curative
treatment of inflammaging. Hence, a comparative study should be done to determine the
better therapeutic approach and the condition for administration.

Priming can modulate the MSC immunomodulatory functions. Vega-Letter et al.
primed MSCs using poly(I:C) to stimulate expression of TLR3, which enhances its immuno-
suppressive capacity. TLR3-MSCs demonstrated more potent inhibition of Th1 and Th17
proliferation in vitro. The authors also found that MSCs pretreated with lipopolysaccharide
(LPS) showed higher expression of TLR4 and produced a pro-inflammatory response that
diminished inhibition of Th1 and Th17 proliferation [198]. In another study, Liu et al.
compared the therapeutic effects of TLR2- and IFN-γ-stimulated MSCs with TLR4- and
IFN-γ-stimulated MSCs in treating schistosome-infected mice. TLR4-IFN-γ-MSCs induced
Th1 to restore Th1/Th2 balance and alleviate liver fibrosis. TLR2-IFN-γ-MSCs not only
increased Th1 more intensely but also inhibited Th2 activity, which led to excessive inflam-
matory response [159]. The primed MSCs with more potent immunosuppressive capacity
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may reduce the dosage required and provide clinical benefits that sustain for a longer
period. Additionally, it would be interesting to see if primed MSCs have longer survival
period post-transplantation.

On top of the immunology profiles, the effects of MSC therapy on metabolomic
and lipidomic profiles that are closely related to immune function of aged individuals
also should be studied in the future. The lipidomic markers of centenarians showed
relatively functional antioxidant capability and lower lipid peroxidation inflammatory
state. Healthy older adults have significantly higher level of phenylalanine and reduced
level of glycerophosphocholine. Phenylalanine inhibits the NF-κB pathway, which is a
pro-inflammatory signaling pathway that induces cytokine production, whereas glyc-
erophosphocholine is a lipid biomarker of cell senescence [199–202]. The metabolomic
profile of centenarians also presented a remodeled mechanism of cellular detoxification
through heightened cytochrome P450 enzyme activity and arachidonic acid synthesis
which displayed both pro-inflammatory and anti-inflammatory characteristics [202,203]. It
will be interesting if future studies can examine the effects of MSCs on these metabolomic
and lipidomic biomarkers as indicators of immune function modulation. The measurement
of serum albumin and globulin also helps to reflect the immunity status of a person as a de-
creased albumin/globulin ratio indicates a higher risk in developing chronic diseases [204].
Along with that, it is also necessary to validate the inflammatory markers that appear
rather consistently to reliably evaluate the clinical outcomes of MSC therapy.

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is a choice of treatment
for many hematological malignancies and autoimmune diseases. It involves the replace-
ment of defective hematopoietic cells with long term repopulating cells from a donor. A
related donor with matching HLA is preferable for treatment but it is seldom available.
Administering an allogeneic source of HSC is viable. Nevertheless, this puts the recipient
at risk of poor reconstitution of the adaptive immune system or worse- graft rejection,
graft-versus-host disease (GVHD) and graft-versus-tumor (GVT) [205]. In GVHD, the
thymus is vulnerable to attacks by the alloreactive T cells, which hamper the reconstitution
of a healthy T cell population [206,207].

There are three options of conditioning prior to HSCT- myeloablative (MA), non-
myeloablative (NMA), and reduced intensity (RI). MA and RI are frequently compared
on their efficacy and safety aspects. Bacigalupo et al. defined MA conditioning HSCT
as a treatment that induces an irreversible cytopenia and necessitates stem cell support,
whereas RI may or may not cause irreversible cytopenia and the patient can be given stem
cell support [208]. RI is recommended to be used in elderly patients as it is associated
with less non-relapse mortality (NRM) even in high-risk patients when compared to
MA [209–211]. Aoki et al. reported that the advanced age of recipients does not contribute
as a contraindication to RI conditioning allo-HSCT [211].

The efficacy of HSCT is highly dependent on the condition of the thymus where the
maturation of T cell takes place. The T cell repertoire generated in the elderly is usually
less diverse or delayed due to thymic involution [212,213]. The bone marrow stromal
cells are also damaged by the conditioning pre-HSCT, which results in a limited B cell
lymphopoiesis [214]. There are strategies developed to circumvent these faults, such as
modified donor lymphocyte infusions from the same haploidentical donor or using a
suicide gene, i.e., inducible Caspase 9 (iCas9) [212]. Furthermore, HSCT can be supported
with MSC. A healthy and abundant MSC population is essential in differentiating into
an environmental niche required to support the HSC and its lineages. A co-infusion of
HSC and MSC promotes engraftment and reduce the risk of developing GVHD without
exacerbating the NRM [32,215]. According to Abbuehl et al., co-infusion of HSC with
BMSC doubles the number of functional, transplanted HSCs, while reducing the adverse
effects of HSCT including neutropenia and humoral immunodeficiency [214].



Int. J. Mol. Sci. 2021, 22, 5749 22 of 31

7. Conclusions

Immunosenescence is an inevitable phenomenon that involves the remodeling of
the immune system with age. This complex interaction between the age-accumulated
insults, aged HSCs bias to myeloid cells, and both the innate and adaptive immune system
results in a chronic, subclinical systemic inflammation termed as ‘inflammaging’. The
individuals over 65 years old have increased risk of infection, cancer, higher morbidity,
and mortality of disease, and reduced vaccine efficacy. Currently, there are no effective
countermeasures available to ameliorate immunosenescence. MSC therapy is a promising
modality to rejuvenate the aged immune system. As of now, studies have shown that MSCs
can safely reduce the inflammatory markers, restore the T cell repertoire, and improve the
histopathology of inflammatory disease.

Author Contributions: Conceptualization, G.E.C.Y. and J.X.L.; funding acquisition, J.X.L.; writing—

original draft, G.E.C.Y.; writing—review and editing, M.H.N., F.B.N. and J.X.L. All authors have read

and agreed to the published version of the manuscript.

Funding: This study was supported by the research grants from Universiti Kebangsaan Malaysia

Medical Centre (FF-2020-518 and FF-2021-030) and Universiti Kebangsaan Malaysia (GUP-2020-024).

Institutional Review Board Statement: No ethical approval is needed for this study.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Aspinall, R.; del Giudice, G.; Effros, R.B.; Grubeck-Loebenstein, B.; Sambhara, S. Challenges for vaccination in the elderly. Immun.

Ageing 2007, 4, 9. [CrossRef]

2. Hsieh, T.-H.; Tsai, T.-T.; Chen, C.-L.; Shen, T.-J.; Jhan, M.-K.; Tseng, P.-C.; Lin, C.-F. Senescence in monocytes facilitates dengue

virus infection by increasing infectivity. Front. Cell. Infect. Microbiol. 2020, 10, 375. [CrossRef]

3. Bewick, T.; Sheppard, C.; Greenwood, S.; Slack, M.; Trotter, C.; George, R.; Lim, W.S. Serotype prevalence in adults hospitalised

with pneumococcal non-invasive community-acquired pneumonia. Thorax 2012, 67, 540–545. [CrossRef]

4. Ochoa-Gondar, O.; Vila-Córcoles, A.; de Diego, C.; Arija, V.; Maxenchs, M.; Grive, M.; Martin, E.; Pinyol, J.L.; Vila-Córcoles, A.;

Ansa, X.; et al. The burden of community-acquired pneumonia in the elderly: The Spanish EVAN-65 study. BMC Public Health

2008, 8, 1–7. [CrossRef] [PubMed]

5. Theodore, J.; Iwashyna, E.; Ely, E.W.; Dylan, M.; Smith, K.M.L. Long-term cognitive impairment and functional disability among

survivors of severe sepsis. Yearb. Crit. Care Med. 2011, 2011, 188–190. [CrossRef]

6. Martin-Loeches, I.; Guia, M.C.; Vallecoccia, M.S.; Suarez, D.; Ibarz, M.; Irazabal, M.; Ferrer, R.; Artigas, A. Risk factors for

mortality in elderly and very elderly critically ill patients with sepsis: A prospective, observational, multicenter cohort study.

Ann. Intensive Care 2019, 9. [CrossRef]
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30. Rizvanov, A.A.; Persson, J.; Şahin, F.; Bellusci, S.; Oliveira, P.J. Hematopoietic and mesenchymal stem cells in biomedical and

clinical applications. Stem Cells Int. 2016, 2016. [CrossRef] [PubMed]

31. Fafián-Labora, J.A.; Morente-López, M.; Arufe, M.C. Effect of aging on behaviour of mesenchymal stem cells. World J. Stem Cells

2019, 11, 337–346. [CrossRef] [PubMed]

32. Crippa, S.; Bernardo, M.E. Mesenchymal stromal cells: Role in the BM niche and in the support of hematopoietic stem cell

transplantation. HemaSphere 2018, 2. [CrossRef]

33. Castelo-Branco, M.T.L.; Soares, I.D.P.; Lopes, D.V.; Buongusto, F.; Martinusso, C.A.; do Rosario, A.; Souza, S.A.L.; Gutfilen,

B.; Fonseca, L.M.B.; Elia, C.; et al. Intraperitoneal but not intravenous cryopreserved mesenchymal stromal cells home to the

inflamed colon and ameliorate experimental colitis. PLoS ONE 2012, 7. [CrossRef] [PubMed]

34. Li, W.; Chen, W.; Huang, S.; Yao, G.; Tang, X.; Sun, L. Mesenchymal stem cells prevent overwhelming inflammation and reduce

infection severity via recruiting CXCR3 + regulatory T cells. Clin. Transl. Immunol. 2020, 9, 1–15. [CrossRef]

35. Shin, S.; Kim, Y.; Jeong, S.; Hong, S.; Kim, I.; Lee, W.; Choi, S. The therapeutic effect of human adult stem cells derived from

adipose tissue in endotoxemic rat model. Int. J. Med. Sci. 2012, 10, 8–18. [CrossRef] [PubMed]

36. Liu, F.; Qiu, H.; Xue, M.; Zhang, S.; Zhang, X.; Xu, J.; Chen, J.; Yang, Y.; Xie, J. MSC-secreted TGF-β regulates lipopolysaccharide-

stimulated macrophage M2-like polarization via the Akt/FoxO1 pathway. Stem Cell Res. Ther. 2019, 10, 1–14. [CrossRef]

[PubMed]

37. López-Otín, C.; Blasco, M.A.; Partridge, L.; Serrano, M.; Kroemer, G. The hallmarks of aging. Cell 2013, 153, 1194. [CrossRef]

[PubMed]

38. Rodrigues, L.P.; Teixeira, V.R.; Alencar-Silva, T.; Simonassi-Paiva, B.; Pereira, R.W.; Pogue, R.; Carvalho, J.L. Hallmarks of aging

and immunosenescence: Connecting the dots. Cytokine Growth Factor Rev. 2021, 59, 9–21. [CrossRef]

39. Garrido, A.; Cruces, J.; Ceprián, N.; Vara, E.; de la Fuente, M. Oxidative-inflammatory stress in immune cells from adult mice

with premature aging. Int. J. Mol. Sci. 2019, 20, 769. [CrossRef] [PubMed]

40. Sanderson, S.L.; Simon, A.K. In aged primary T cells, mitochondrial stress contributes to telomere attrition measured by a novel

imaging flow cytometry assay. Aging Cell 2017, 16, 1234–1243. [CrossRef]

41. Boyapati, R.K.; Tamborska, A.; Dorward, D.A.; Ho, G.-T. Advances in the understanding of mitochondrial DNA as a pathogenic

factor in inflammatory diseases. F1000 Res. 2017. [CrossRef] [PubMed]

42. Pinti, M.; Cevenini, E.; Nasi, M.; de Biasi, S.; Salvioli, S.; Monti, D.; Benatti, S.; Gibellini, L.; Cotichini, R.; Stazi, M.A.; et al.

Circulating mitochondrial DNA increases with age and is a familiar trait: Implications for “Inflamm-aging”. Eur. J. Immunol.

2014, 44, 1552–1562. [CrossRef]

http://doi.org/10.1016/j.cger.2010.08.002
http://www.ncbi.nlm.nih.gov/pubmed/21093724
http://doi.org/10.4161/oxim.3.4.12860
http://www.ncbi.nlm.nih.gov/pubmed/20972374
http://doi.org/10.4314/ahs.v18i1.16
http://www.ncbi.nlm.nih.gov/pubmed/29977265
http://doi.org/10.1089/rej.2017.2042
http://doi.org/10.1007/s11357-014-9694-4
http://www.ncbi.nlm.nih.gov/pubmed/25086618
http://doi.org/10.1016/j.amjcard.2009.01.016
http://www.ncbi.nlm.nih.gov/pubmed/19406265
http://doi.org/10.18632/aging.102671
http://www.ncbi.nlm.nih.gov/pubmed/31951595
http://doi.org/10.1016/j.amjmed.2015.06.017
http://www.ncbi.nlm.nih.gov/pubmed/26159634
http://doi.org/10.11124/JBISRIR-2017-003382
http://doi.org/10.1002/cyto.a.23242
http://www.ncbi.nlm.nih.gov/pubmed/29072818
http://doi.org/10.1007/s13239-018-0368-8
http://doi.org/10.17576/jsm-2020-4904-12
http://doi.org/10.1155/2016/3157365
http://www.ncbi.nlm.nih.gov/pubmed/27999598
http://doi.org/10.4252/wjsc.v11.i6.337
http://www.ncbi.nlm.nih.gov/pubmed/31293716
http://doi.org/10.1097/HS9.0000000000000151
http://doi.org/10.1371/journal.pone.0033360
http://www.ncbi.nlm.nih.gov/pubmed/22432015
http://doi.org/10.1002/cti2.1181
http://doi.org/10.7150/ijms.5385
http://www.ncbi.nlm.nih.gov/pubmed/23289000
http://doi.org/10.1186/s13287-019-1447-y
http://www.ncbi.nlm.nih.gov/pubmed/31771622
http://doi.org/10.1016/j.cell.2013.05.039
http://www.ncbi.nlm.nih.gov/pubmed/23746838
http://doi.org/10.1016/j.cytogfr.2021.01.006
http://doi.org/10.3390/ijms20030769
http://www.ncbi.nlm.nih.gov/pubmed/30759732
http://doi.org/10.1111/acel.12640
http://doi.org/10.12688/f1000research.10397.1
http://www.ncbi.nlm.nih.gov/pubmed/28299196
http://doi.org/10.1002/eji.201343921


Int. J. Mol. Sci. 2021, 22, 5749 24 of 31

43. Green, M.D.; Snoeck, H.W. Novel approaches for immune reconstitution and adaptive immune modeling with human pluripotent

stem cells. BMC Med. 2011, 9, 51. [CrossRef] [PubMed]

44. Palmer, D.B. The effect of age on thymic function. Front. Immunol. 2013, 4, 316. [CrossRef] [PubMed]

45. Heng, T.S.P.; Goldberg, G.L.; Gray, D.H.D.; Sutherland, J.S.; Chidgey, A.P.; Boyd, R.L. Effects of castration on thymocyte

development in two different models of thymic involution. J. Immunol. 2005, 175, 2982–2993. [CrossRef]

46. Sidler, C.; Wóycicki, R.; Ilnytskyy, Y.; Metz, G.; Kovalchuk, I.; Kovalchuk, O. Immunosenescence is associated with altered gene

expression and epigenetic regulation in primary and secondary immune organs. Front. Genet. 2013, 4, 211. [CrossRef]

47. Shankwitz, K.; Pallikkuth, S.; Sirupangi, T.; Kirk Kvistad, D.; Russel, K.B.; Pahwa, R.; Gama, L.; Koup, R.A.; Pan, L.; Villinger,

F.; et al. Compromised steady-state germinal center activity with age in nonhuman primates. Aging Cell 2020, 19. [CrossRef]

[PubMed]

48. Otsuka, R.; Wada, H.; Tsuji, H.; Sasaki, A.; Murata, T.; Itoh, M.; Baghdadi, M.; Seino, K. Efficient generation of thymic epithelium

from induced pluripotent stem cells that prolongs allograft survival. Sci. Rep. 2020, 10, 1–8. [CrossRef] [PubMed]

49. Jin, Y.; Hong, Y.; Park, C.Y.; Hong, Y. Molecular interactions of autophagy with the immune system and cancer. Int. J. Mol. Sci.

2017, 18, 1694. [CrossRef]

50. Zhang, J.Z.; Liu, Z.; Liu, J.; Ren, J.X.; Sun, T.S. Mitochondrial DNA induces inflammation and increases TLR9/NF-κB expression

in lung tissue. Int. J. Mol. Med. 2014. [CrossRef]

51. Ponnappan, S.; Ponnappan, U. Aging and immune function: Molecular mechanisms to interventions. Antioxid. Redox Signal.

2011, 14, 1551–1585. [CrossRef] [PubMed]

52. Cao, X.; Dang, W. Histone Modification Changes During Aging; Elsevier: Amsterdam, The Netherlands, 2018; ISBN 9780128110607.

53. Molina-Serrano, D.; Kyriakou, D.; Kirmizis, A. Histone modifications as an intersection between diet and longevity. Front. Genet.

2019, 10, 1–18. [CrossRef]

54. Yi, S.J.; Kim, K. New insights into the role of histone changes in aging. Int. J. Mol. Sci. 2020, 21, 8241. [CrossRef] [PubMed]

55. Kreiling, J.A.; Tamamori-Adachi, M.; Sexton, A.N.; Jeyapalan, J.C.; Munoz-Najar, U.; Peterson, A.L.; Manivannan, J.; Rogers, E.S.;

Pchelintsev, N.A.; Adams, P.D.; et al. Age-associated increase in heterochromatic marks in murine and primate tissues. Aging Cell

2011, 10, 292–304. [CrossRef] [PubMed]

56. Huang, J.C.; Yan, L.Y.; Lei, Z.L.; Miao, Y.L.; Shi, L.H.; Yang, J.W.; Wang, Q.; Ouyang, Y.C.; Sun, Q.Y.; Chen, D.Y. Changes in histone

acetylation during postovulatory aging of mouse oocyte. Biol. Reprod. 2007, 77, 666–670. [CrossRef] [PubMed]

57. Cheng, H.; Xuan, H.; Green, C.D.; Han, Y.; Sun, N.; Shen, H.; McDermott, J.; Bennett, D.A.; Lan, F.; Han, J.D.J. Repression of

human and mouse brain inflammaging transcriptome by broad gene-body histone hyperacetylation. Proc. Natl. Acad. Sci. USA

2018, 115, 7611–7616. [CrossRef] [PubMed]

58. Krishnan, V.; Chow, M.Z.Y.; Wang, Z.; Zhang, L.; Liu, B.; Liu, X.; Zhou, Z. Histone H4 lysine 16 hypoacetylation is associated with

defective DNA repair and premature senescence in Zmpste24-deficient mice. Proc. Natl. Acad. Sci. USA 2011, 108, 12325–12330.

[CrossRef] [PubMed]

59. Cao, L.; Zhu, T.; Lang, X.; Jia, S.; Yang, Y.; Zhu, C.; Wang, Y.; Feng, S.; Wang, C.; Zhang, P.; et al. Inhibiting DNA methylation

improves survival in severe sepsis by regulating NF-κB pathway. Front. Immunol. 2020, 11, 1–11. [CrossRef] [PubMed]

60. Aird, K.M.; Iwasaki, O.; Kossenkov, A.V.; Tanizawa, H.; Fatkhutdinov, N.; Bitler, B.G.; Le, L.; Alicea, G.; Yang, T.L.; Johnson, F.B.;

et al. HMGB2 orchestrates the chromatin landscape of senescence-associated secretory phenotype gene loci. J. Cell Biol. 2016, 215,

325–334. [CrossRef]

61. Jasiulionis, M.G. Abnormal epigenetic regulation of immune system during aging. Front. Immunol. 2018, 9, 1–14. [CrossRef]

62. Davalos, A.R.; Kawahara, M.; Malhotra, G.K.; Schaum, N.; Huang, J.; Ved, U.; Beausejour, C.M.; Coppe, J.P.; Rodoer, F.; Campisi,

J. p53-dependent release of Alarmin HMGB1 is a central mediator of senescent phenotypes. J. Cell Biol. 2013, 201, 613–629.

[CrossRef]

63. Niedernhofer, L.J.; Gurkar, A.U.; Wang, Y.; Vijg, J.; Hoeijmakers, J.H.J.; Robbins, P.D. Nuclear genomic instability and aging.

Annu. Rev. Biochem. 2018, 87, 295–322. [CrossRef]

64. De Sandre-Giovannoli, A.; Bernard, R.; Cau, P.; Navarro, C.; Amiel, J.; Boccaccio, I.; Lyonnet, S.; Stewart, C.L.; Munnich, A.; Le

Merrer, M.; et al. Lamin A truncation in hutchinson-gilford progeria. Science 2003, 300, 2055. [CrossRef]

65. Tran, J.R.; Chen, H.; Zheng, X.; Zheng, Y. Lamin in inflammation and aging. Curr. Opin. Cell Biol. 2016, 2016. [CrossRef] [PubMed]

66. Korolchuk, V.I.; Miwa, S.; Carroll, B.; von Zglinicki, T. Mitochondria in cell senescence: Is mitophagy the weakest link?

EBioMedicine 2017, 21, 7–13. [CrossRef] [PubMed]

67. Vizioli, M.G.; Liu, T.; Miller, K.N.; Robertson, N.A.; Gilroy, K.; Lagnado, A.B.; Perez-Garcia, A.; Kiourtis, C.; Dasgupta, N.; Lei, X.;

et al. Mitochondria-to-nucleus retrograde signaling drives formation of cytoplasmic chromatin and inflammation in senescence.

Genes Dev. 2020, 34, 428–445. [CrossRef] [PubMed]

68. Chen, H.; Liu, X.; Zhu, W.; Chen, H.; Hu, X.; Jiang, Z.; Xu, Y.; Wang, L.; Zhou, Y.; Chen, P.; et al. SIRT1 ameliorates age-related

senescence of mesenchymal stem cells via modulating telomere shelterin. Front. Aging Neurosci. 2014, 6, 1–12. [CrossRef]

[PubMed]

69. Malaquin, N.; Carrier-Leclerc, A.; Dessureault, M.; Rodier, F. DDR-mediated crosstalk between DNA-damaged cells and their

microenvironment. Front. Genet. 2015, 5, 1–8. [CrossRef] [PubMed]

http://doi.org/10.1186/1741-7015-9-51
http://www.ncbi.nlm.nih.gov/pubmed/21569275
http://doi.org/10.3389/fimmu.2013.00316
http://www.ncbi.nlm.nih.gov/pubmed/24109481
http://doi.org/10.4049/jimmunol.175.5.2982
http://doi.org/10.3389/fgene.2013.00211
http://doi.org/10.1111/acel.13087
http://www.ncbi.nlm.nih.gov/pubmed/31840398
http://doi.org/10.1038/s41598-019-57088-1
http://www.ncbi.nlm.nih.gov/pubmed/31937817
http://doi.org/10.3390/ijms18081694
http://doi.org/10.3892/ijmm.2014.1650
http://doi.org/10.1089/ars.2010.3228
http://www.ncbi.nlm.nih.gov/pubmed/20812785
http://doi.org/10.3389/fgene.2019.00192
http://doi.org/10.3390/ijms21218241
http://www.ncbi.nlm.nih.gov/pubmed/33153221
http://doi.org/10.1111/j.1474-9726.2010.00666.x
http://www.ncbi.nlm.nih.gov/pubmed/21176091
http://doi.org/10.1095/biolreprod.107.062703
http://www.ncbi.nlm.nih.gov/pubmed/17582009
http://doi.org/10.1073/pnas.1800656115
http://www.ncbi.nlm.nih.gov/pubmed/29967166
http://doi.org/10.1073/pnas.1102789108
http://www.ncbi.nlm.nih.gov/pubmed/21746928
http://doi.org/10.3389/fimmu.2020.01360
http://www.ncbi.nlm.nih.gov/pubmed/32714333
http://doi.org/10.1083/jcb.201608026
http://doi.org/10.3389/fimmu.2018.00197
http://doi.org/10.1083/jcb.201206006
http://doi.org/10.1146/annurev-biochem-062917-012239
http://doi.org/10.1126/science.1084125
http://doi.org/10.1016/j.ceb.2016.03.004
http://www.ncbi.nlm.nih.gov/pubmed/27023494
http://doi.org/10.1016/j.ebiom.2017.03.020
http://www.ncbi.nlm.nih.gov/pubmed/28330601
http://doi.org/10.1101/gad.331272.119
http://www.ncbi.nlm.nih.gov/pubmed/32001510
http://doi.org/10.3389/fnagi.2014.00103
http://www.ncbi.nlm.nih.gov/pubmed/24917814
http://doi.org/10.3389/fgene.2015.00094
http://www.ncbi.nlm.nih.gov/pubmed/25815006


Int. J. Mol. Sci. 2021, 22, 5749 25 of 31

70. Matthaei, M.; Meng, H.; Meeker, A.K.; Eberhart, C.G.; Jun, A.S. Endothelial Cdkn1a (p21) overexpression and accelerated

senescence in a mouse model of fuchs endothelial corneal dystrophy. Investig. Ophthalmol. Vis. Sci. 2012, 53, 6718–6727. [CrossRef]

[PubMed]

71. Krishnamurthy, J.; Torrice, C.; Ramsey, M.R.; Kovalev, G.I.; Al-Regaiey, K.; Su, L.; Sharpless, N.E. Ink4a/Arf expression is a

biomarker of aging. J. Clin. Investig. 2004, 114, 1299–1307. [CrossRef] [PubMed]

72. Sharpless, N.E.; Bardeesy, N.; Lee, K.H.; Carrasco, D.; Castrillon, D.H.; Aguirre, A.J.; Wu, E.A.; Horner, J.W.; DePinho, R.A. Loss

of p16Ink4a with retention of p19 predisposes mice to tumorigenesis. Nature 2001, 413, 86–91. [CrossRef]

73. Keenan, C.R.; Allan, R.S. Epigenomic drivers of immune dysfunction in aging. Aging Cell 2019, 18. [CrossRef]

74. Stott, F.J.; Bates, S.; James, M.C.; McConnell, B.B.; Starborg, M.; Brookes, S.; Palmero, I.; Ryan, K.; Hara, E.; Vousden, K.H.; et al.

The alternative product from the human CDKN2A locus, p14(ARF), participates in a regulatory feedback loop with p53 and

MDM2. EMBO J. 1998, 17, 5001–5014. [CrossRef]

75. Xue, W.; Zender, L.; Miething, C.; Dickins, R.A.; Hernando, E.; Cordon-Cardo, C.; Lowe, S.W.; Harbor, C.S.; Harbor, C.S.

Senescence and tumour clearance is triggered by p53 restoration in murine liver carcinomas. Nature 2007, 445, 656–660. [CrossRef]

76. Lujambio, A.; Akkari, L.; Simon, J.; Grace, D.; Tschaharganeh, D.F.; Bolden, J.E.; Zhao, Z.; Thapar, V.; Joyce, J.A.; Krizhanovsky, V.;

et al. Non-cell-autonomous tumor suppression by p53. Cell 2013, 153, 449–460. [CrossRef] [PubMed]

77. Azizi, B.; Ziaei, A.; Fuchsluger, T.; Schmedt, T.; Chen, Y.; Jurkunas, U.V. p53-regulated increase in oxidative-stress-induced

apoptosis in Fuchs endothelial corneal dystrophy: A native tissue model. Investig. Ophthalmol. Vis. Sci. 2011, 52, 9291–9297.

[CrossRef] [PubMed]

78. Mondal, A.M.; Horikawa, I.; Pine, S.R.; Fujita, K.; Morgan, K.M.; Vera, E.; Mazur, S.J.; Appella, E.; Vojtesek, B.; Blasco, M.A.; et al.

P53 isoforms regulate aging- and tumor-associated replicative senescence in T lymphocytes. J. Clin. Investig. 2013, 123, 5247–5257.

[CrossRef] [PubMed]

79. Beck, J.; Turnquist, C.; Horikawa, I.; Harris, C. Targeting cellular senescence in cancer and aging: Roles of p53 and its isoforms.

Carcinogenesis 2020, 41, 1017–1029. [CrossRef]

80. Ogata, Y.; Yamada, T.; Hasegawa, S.; Sanada, A.; Iwata, Y.; Arima, M.; Nakata, S.; Sugiura, K.; Akamatsu, H. SASP-induced

macrophage dysfunction may contribute to accelerated senescent fibroblast accumulation in the dermis. Exp. Dermatol. 2021, 30,

84–91. [CrossRef] [PubMed]

81. Salminen, A.; Kaarniranta, K.; Kauppinen, A. Immunosenescence: The potential role of myeloid-derived suppressor cells (MDSC)

in age-related immune deficiency. Cell. Mol. Life Sci. 2019, 76, 1901–1918. [CrossRef] [PubMed]

82. Ergen, A.V.; Boles, N.C.; Goodell, M.A. Rantes/Ccl5 influences hematopoietic stem cell subtypes and causes myeloid skewing.

Blood 2012, 119, 2500–2509. [CrossRef]

83. Pereira, B.; Xu, X.N.; Akbar, A.N. Targeting inflammation and immunosenescence to improve vaccine responses in the elderly.

Front. Immunol. 2020, 11, 1–15. [CrossRef] [PubMed]

84. Zhang, D.; Chen, G.; Manwani, D.; Mortha, A.; Xu, C.; Faith, J.J.; Burk, R.D.; Kunisaki, Y.; Jang, J.E.; Scheiermann, C.; et al.

Neutrophil ageing is regulated by the microbiome. Nature 2015, 525, 528–532. [CrossRef] [PubMed]

85. Tarazona, R.; DelaRosa, O.; Alonso, C.; Ostos, B.; Espejo, J.; Pea, J.; Solana, R. Increased expression of NK cell markers on T

lymphocytes in aging and chronic activation of the immune system reflects the accumulation of effector/senescent T cells. Mech.

Ageing Dev. 2001, 121, 77–88. [CrossRef]

86. Zheng, Y.; Liu, X.; Le, W.; Xie, L.; Li, H.; Wen, W.; Wang, S.; Ma, S.; Huang, Z.; Ye, J.; et al. A human circulating immune cell

landscape in aging and COVID-19. Protein Cell 2020, 11, 740–770. [CrossRef] [PubMed]

87. Espino, J.; Pariente, J.A.; Rodríguez, A.B. Oxidative stress and immunosenescence: Therapeutic effects of melatonin. Oxid. Med.

Cell. Longev. 2012. [CrossRef] [PubMed]

88. Duggal, N.A.; Upton, J.; Phillips, A.C.; Sapey, E.; Lord, J.M. An age-related numerical and functional deficit in CD19+CD24hiCD38hi

B cells is associated with an increase in systemic autoimmunity. Aging Cell 2013, 12, 873–881. [CrossRef] [PubMed]

89. Van den Biggelaar, A.H.J.; Huizinga, T.W.J.; de Craen, A.J.M.; Gussekloo, J.; Heijmans, B.T.; Frölich, M.; Westendorp, R.G.J.

Impaired innate immunity predicts frailty in old age. The leiden 85-plus study. Exp. Gerontol. 2004, 39, 1407–1414. [CrossRef]

90. Panda, A.; Qian, F.; Mohanty, S.; van Duin, D.; Newman, F.K.; Zhang, L.; Chen, S.; Towle, V.; Belshe, R.B.; Fikrig, E.; et al.

Age-associated decrease in TLR function in primary human dendritic cells predicts influenza vaccine response. J. Immunol. 2010,

184, 2518–2527. [CrossRef] [PubMed]

91. Tsuchida, Y.; Sumitomo, S.; Ishigaki, K.; Suzuki, A.; Kochi, Y.; Tsuchiya, H.; Ota, M.; Komai, T.; Inoue, M.; Morita, K.; et al. TGF-β3

inhibits antibody production by human B cells. PLoS ONE 2017, 12. [CrossRef]

92. Grudzinska, F.S.; Brodlie, M.; Scholefield, B.R.; Jackson, T.; Scott, A.; Thickett, D.R.; Sapey, E. Neutrophils in community-acquired

pneumonia: Parallels in dysfunction at the extremes of age. Thorax 2020, 75, 164–171. [CrossRef] [PubMed]

93. Wenisch, C.; Patruta, S.; Daxböck, F.; Krause, R.; Hörl, W. Effect of age on human neutrophil function. J. Leukoc. Biol. 2000, 67,

40–45. [CrossRef]

94. Roy-O’Reilly, M.A.; Ahnstedt, H.; Spychala, M.S.; Munshi, Y.; Aronowski, J.; Sansing, L.H.; McCullough, L.D. Aging exacerbates

neutrophil pathogenicity in ischemic stroke. Aging 2020, 12, 436–461. [CrossRef] [PubMed]

95. Uhl, B.; Vadlau, Y.; Zuchtriegel, G.; Nekolla, K.; Sharaf, K.; Gaertner, F.; Massberg, S.; Krombach, F.; Reichel, C.A. Aged neutrophils

contribute to the first line of defense in the acute inflammatory response. Blood 2016, 128, 2327–2337. [CrossRef] [PubMed]

http://doi.org/10.1167/iovs.12-9669
http://www.ncbi.nlm.nih.gov/pubmed/22956607
http://doi.org/10.1172/JCI22475
http://www.ncbi.nlm.nih.gov/pubmed/15520862
http://doi.org/10.1038/35092592
http://doi.org/10.1111/acel.12878
http://doi.org/10.1093/emboj/17.17.5001
http://doi.org/10.1038/nature05529
http://doi.org/10.1016/j.cell.2013.03.020
http://www.ncbi.nlm.nih.gov/pubmed/23562644
http://doi.org/10.1167/iovs.11-8312
http://www.ncbi.nlm.nih.gov/pubmed/22064994
http://doi.org/10.1172/JCI70355
http://www.ncbi.nlm.nih.gov/pubmed/24231352
http://doi.org/10.1093/carcin/bgaa071
http://doi.org/10.1111/exd.14205
http://www.ncbi.nlm.nih.gov/pubmed/33010063
http://doi.org/10.1007/s00018-019-03048-x
http://www.ncbi.nlm.nih.gov/pubmed/30788516
http://doi.org/10.1182/blood-2011-11-391730
http://doi.org/10.3389/fimmu.2020.583019
http://www.ncbi.nlm.nih.gov/pubmed/33178213
http://doi.org/10.1038/nature15367
http://www.ncbi.nlm.nih.gov/pubmed/26374999
http://doi.org/10.1016/S0047-6374(00)00199-8
http://doi.org/10.1007/s13238-020-00762-2
http://www.ncbi.nlm.nih.gov/pubmed/32780218
http://doi.org/10.1155/2012/670294
http://www.ncbi.nlm.nih.gov/pubmed/23346283
http://doi.org/10.1111/acel.12114
http://www.ncbi.nlm.nih.gov/pubmed/23755918
http://doi.org/10.1016/j.exger.2004.06.009
http://doi.org/10.4049/jimmunol.0901022
http://www.ncbi.nlm.nih.gov/pubmed/20100933
http://doi.org/10.1371/journal.pone.0169646
http://doi.org/10.1136/thoraxjnl-2018-212826
http://www.ncbi.nlm.nih.gov/pubmed/31732687
http://doi.org/10.1002/jlb.67.1.40
http://doi.org/10.18632/aging.102632
http://www.ncbi.nlm.nih.gov/pubmed/31927534
http://doi.org/10.1182/blood-2016-05-718999
http://www.ncbi.nlm.nih.gov/pubmed/27609642


Int. J. Mol. Sci. 2021, 22, 5749 26 of 31

96. Shitara, S.; Hara, T.; Liang, B.; Wagatsuma, K.; Zuklys, S.; Holländer, G.A.; Nakase, H.; Chiba, T.; Tani-ichi, S.; Ikuta, K. IL-7

produced by thymic epithelial cells plays a major role in the development of thymocytes and TCRγδ + intraepithelial lymphocytes.

J. Immunol. 2013, 190, 6173–6179. [CrossRef] [PubMed]

97. Gounder, S.S.; Abdullah, B.J.J.; Radzuanb, N.E.I.B.M.; Zain, F.D.B.M.; Sait, N.B.M.; Chua, C.; Subramani, B. Effect of aging on NK

cell population and their proliferation at ex vivo culture condition. Anal. Cell. Pathol. 2018, 2018. [CrossRef] [PubMed]

98. Lelic, A.; Verschoor, C.P.; Ventresca, M.; Parsons, R.; Evelegh, C.; Bowdish, D.; Betts, M.R.; Loeb, M.B.; Bramson, J.L. The

polyfunctionality of human memory CD8+ T cells elicited by acute and chronic virus infections is not influenced by age. PLoS

Pathog. 2012, 8, e10. [CrossRef] [PubMed]

99. Lee, G.H.; Hong, K.T.; Choi, J.Y.; Shin, H.Y.; Lee, W.; Kang, H.J. Immunosenescent characteristics of T cells in young patients

following haploidentical haematopoietic stem cell transplantation from parental donors. Clin. Transl. Immunol. 2020, 9. [CrossRef]

100. Ma, S.; Wang, C.; Mao, X.; Hao, Y. B cell dysfunction associated with aging and autoimmune diseases. Front. Immunol. 2019, 10,

318. [CrossRef] [PubMed]

101. Holodick, N.E.; Rothstein, T.L. B cells in the aging immune system: Time to consider B-1 cells. Ann. N. Y. Acad. Sci. 2015, 1362,

176–187. [CrossRef]

102. Frasca, D.; Diaz, A.; Romero, M.; Blomberg, B.B. Human peripheral late/exhausted memory B cells express a senescent-associated

secretory phenotype and preferentially utilize metabolic signaling pathways. Exp. Gerontol. 2017, 87, 113–120. [CrossRef]

103. Plonquet, A.; Bastuji-Garin, S.; Tahmasebi, F.; Brisacier, C.; Ledudal, K.; Farcet, J.P.; Paillaud, E. Immune risk phenotype is

associated with nosocomial lung infections in elderly in-patients. Immun. Ageing 2011, 8, 8. [CrossRef] [PubMed]

104. Xie, J.; Zhang, J.; Wu, H.; Tang, X.; Liu, J.; Cheng, G.; Li, P. The influences of age on T lymphocyte subsets in C57BL/6 mice. Saudi

J. Biol. Sci. 2017, 24, 108–113. [CrossRef] [PubMed]

105. Sato, Y.; Takata, H.; Kobayashi, N.; Nagata, S.; Nakagata, N.; Ueno, T.; Takiguchi, M. Failure of effector function of human CD8+

T cells in NOD/SCID/JAK3-/-immunodeficient mice transplanted with human CD34+ hematopoietic stem cells. PLoS ONE

2010, 5. [CrossRef] [PubMed]

106. Sun, L.; Hurez, V.J.; Thibodeaux, S.R.; Kious, M.J.; Liu, A.; Lin, P.; Murthy, K.; Pandeswara, S.; Shin, T.; Curiel, T.J. Aged regulatory

T cells protect from autoimmune inflammation despite reduced STAT3 activation and decreased constraint of IL-17 producing T

Cells. Aging Cell 2012, 11, 509–519. [CrossRef] [PubMed]

107. Windt, G.; Pearce, E. Metabolic switching and fuel choice during T-cell differentiation and memory development. Immunol. Rev.

2012, 249, 27–42. [CrossRef] [PubMed]

108. Geltink, R.I.K.; Kyle, R.L.; Pearce, E.L. Unraveling the complex interplay between T cell metabolism and function. Annu. Rev.

Immunol. 2018, 36, 461–488. [CrossRef] [PubMed]

109. Macallan, D.C.; Wallace, D.L.; Zhang, V.; Ghattas, H.; Asquith, B.; de Lara, C.; Worth, A.; Panayiotakopoulos, G.; Griffin, G.E.;

Tough, D.F.; et al. B-cell kinetics in humans: Rapid turnover of peripheral blood memory cells. Blood 2005, 105, 3633–3640.

[CrossRef]

110. Frasca, D. Senescent B cells in aging and age-related diseases: Their role in the regulation of antibody responses. Exp. Gerontol.

2018, 107, 55–58. [CrossRef]

111. Frasca, D.; Diaz, A.; Romero, M.; Landin, A.M.; Blomberg, B.B. High TNF-α levels in resting B cells negatively correlate with their

response. Exp. Gerontol. 2014, 54, 116–122. [CrossRef] [PubMed]

112. Bagnara, D.; Squillario, M.; Kipling, D.; Mora, T.; Walczak, A.M.; da Silva, L.; Weller, S.; Dunn-Walters, D.K.; Weill, J.-C.; Reynaud,

C.-A. A reassessment of IgM memory subsets in humans. J. Immunol. 2015, 195, 3716–3724. [CrossRef]

113. Haynes, L.; Eaton, S.M.; Burns, E.M.; Randall, T.D.; Swain, S.L. CD4 T cell memory derived from young naive cells functions well

into old age, but memory generated from aged naive cells functions poorly. Proc. Natl. Acad. Sci. USA 2003, 100, 15053–15058.

[CrossRef]

114. Morbach, H.; Eichhorn, E.M.; Liese, J.G.; Girschick, H.J. Reference values for B cell subpopulations from infancy to adulthood.

Clin. Exp. Immunol. 2010, 162, 271–279. [CrossRef] [PubMed]

115. Jablonski, K.A.; Amici, S.A.; Webb, L.M.; Ruiz-Rosado, J.D.D.; Popovich, P.G.; Partida-Sanchez, S.; Guerau-De-Arellano, M. Novel

markers to delineate murine M1 and M2 macrophages. PLoS ONE 2015, 10, 5–11. [CrossRef] [PubMed]

116. Vida, C.; de Toda, I.M.; Cruces, J.; Garrido, A.; Gonzalez-Sanchez, M.; de la Fuente, M. Role of macrophages in age-related

oxidative stress and lipofuscin accumulation in mice. Redox Biol. 2017, 12, 423–437. [CrossRef] [PubMed]

117. Minhas, P.S.; Liu, L.; Moon, P.K.; Joshi, A.U.; Dove, C.; Mhatre, S.; Contrepois, K.; Wang, Q.; Lee, B.A.; Coronado, M.; et al.

Macrophage de novo NAD+ synthesis specifies immune function in aging and inflammation. Nat. Immunol. 2019, 20, 50–63.

[CrossRef] [PubMed]

118. Dunston, C.R.; Griffiths, H.R. The effect of ageing on macrophage Toll-like receptor-mediated responses in the fight against

pathogens. Clin. Exp. Immunol. 2010, 161, 407–416. [CrossRef] [PubMed]

119. Li, Y.; Sheng, Q.; Zhang, C.; Han, C.; Bai, H.; Lai, P.; Fan, Y.; Ding, Y.; Dou, X. STAT6 up-regulation amplifies M2 macrophage

anti-inflammatory capacity through mesenchymal stem cells. Int. Immunopharmacol. 2021, 91, 107266. [CrossRef] [PubMed]

120. He, Z.; Takahashi, N.; Fahlberg, M.; Slisarenko, N.; Didier, E.; Kuroda, M. Dysregulation of G-CSF and neutrophil production is

associated with chronic inflammation in elderly rhesus macaques. J. Immunol. 2019, 202, 126.

http://doi.org/10.4049/jimmunol.1202573
http://www.ncbi.nlm.nih.gov/pubmed/23686483
http://doi.org/10.1155/2018/7871814
http://www.ncbi.nlm.nih.gov/pubmed/30175033
http://doi.org/10.1371/journal.ppat.1003076
http://www.ncbi.nlm.nih.gov/pubmed/23271970
http://doi.org/10.1002/cti2.1124
http://doi.org/10.3389/fimmu.2019.00318
http://www.ncbi.nlm.nih.gov/pubmed/30873171
http://doi.org/10.1111/nyas.12825
http://doi.org/10.1016/j.exger.2016.12.001
http://doi.org/10.1186/1742-4933-8-8
http://www.ncbi.nlm.nih.gov/pubmed/21961997
http://doi.org/10.1016/j.sjbs.2016.09.002
http://www.ncbi.nlm.nih.gov/pubmed/28053579
http://doi.org/10.1371/journal.pone.0013109
http://www.ncbi.nlm.nih.gov/pubmed/20957041
http://doi.org/10.1111/j.1474-9726.2012.00812.x
http://www.ncbi.nlm.nih.gov/pubmed/22372596
http://doi.org/10.1111/j.1600-065X.2012.01150.x
http://www.ncbi.nlm.nih.gov/pubmed/22889213
http://doi.org/10.1146/annurev-immunol-042617-053019
http://www.ncbi.nlm.nih.gov/pubmed/29677474
http://doi.org/10.1182/blood-2004-09-3740
http://doi.org/10.1016/j.exger.2017.07.002
http://doi.org/10.1016/j.exger.2014.01.004
http://www.ncbi.nlm.nih.gov/pubmed/24440385
http://doi.org/10.4049/jimmunol.1500753
http://doi.org/10.1073/pnas.2433717100
http://doi.org/10.1111/j.1365-2249.2010.04206.x
http://www.ncbi.nlm.nih.gov/pubmed/20854328
http://doi.org/10.1371/journal.pone.0145342
http://www.ncbi.nlm.nih.gov/pubmed/26699615
http://doi.org/10.1016/j.redox.2017.03.005
http://www.ncbi.nlm.nih.gov/pubmed/28319893
http://doi.org/10.1038/s41590-018-0255-3
http://www.ncbi.nlm.nih.gov/pubmed/30478397
http://doi.org/10.1111/j.1365-2249.2010.04213.x
http://www.ncbi.nlm.nih.gov/pubmed/20646005
http://doi.org/10.1016/j.intimp.2020.107266
http://www.ncbi.nlm.nih.gov/pubmed/33321466


Int. J. Mol. Sci. 2021, 22, 5749 27 of 31

121. Sapey, E.; Greenwood, H.; Walton, G.; Mann, E.; Love, A.; Aaronson, N.; Insall, R.H.; Stockley, R.A.; Lord, J.M. Phosphoinositide

3-kinase inhibition restores neutrophil accuracy in the elderly: Toward targeted treatments for immunosenescence. Blood 2014,

123, 239–248. [CrossRef]

122. Wessels, I.; Jansen, J.; Rink, L.; Uciechowski, P. Immunosenescence of polymorphonuclear neutrophils. Sci. World J. 2010, 10,

145–160. [CrossRef]

123. Qin, H.; Zhao, A.; Lee, J.W.; Rocco, P.R.M.; Pelosi, P.; Xiao, K.; Hou, F.; Huang, X.; Li, B.; Qian, Z.R.; et al. Mesenchymal stem cell

therapy for acute respiratory distress syndrome: A light at the end of the tunnel? Anesthesiology 2020, 11, 1–7. [CrossRef]

124. Wang, L.T.; Wang, H.H.; Chiang, H.C.; Huang, L.Y.; Chiu, S.K.; Siu, L.K.; Liu, K.J.; Yen, M.L.; Yen, B.L. Human placental

MSC-secreted IL-1β enhances neutrophil bactericidal functions during hypervirulent klebsiella infection. Cell Rep. 2020, 32,

108188. [CrossRef]

125. Jianga, D.; Muschhammera, J.; Qia, Y.; Küglera, A.; de Vriesa, J.C.; Saffarzadehb, M.; Sindrilarua, A.; Bekena, S.V.; Wlascheka, M.;

Kluthc, M.A.; et al. Suppression of neutrophil-mediated tissue damage—A novel skill of mesenchymal stem cells. Stem Cells 2016,

34, 2393–2406. [CrossRef]

126. Hazeldine, J.; Lord, J.M. The impact of ageing on natural killer cell function and potential consequences for health in older adults.

Ageing Res. Rev. 2013, 12, 1069–1078. [CrossRef]

127. Almeida-Oliveira, A.; Smith-Carvalho, M.; Porto, L.C.; Cardoso-Oliveira, J.; Ribeiro, A.D.S.; Falcão, R.R.; Abdelhay, E.; Bouzas,

L.F.; Thuler, L.C.S.; Ornellas, M.H.; et al. Age-related changes in natural killer cell receptors from childhood through old age.

Hum. Immunol. 2011, 72, 319–329. [CrossRef] [PubMed]

128. Aggarwal, S.; Pittenger, M.F. Human mesenchymal stem cells modulate allogeneic immune cell responses. Blood 2005, 105,

1815–1822. [CrossRef]

129. Spaggiari, G.M.; Capobianco, A.; Abdelrazik, H.; Becchetti, F.; Mingari, M.C.; Moretta, L. Mesenchymal stem cells inhibit natural

killer-cell proliferation, cytotoxicity, and cytokine production: Role of indoleamine 2,3-dioxygenase and prostaglandin E2. Blood

2008, 111, 1327–1333. [CrossRef]

130. Egorov, E.S.; Kasatskaya, S.A.; Zubov, V.N.; Izraelson, M.; Nakonechnaya, T.O.; Staroverov, D.B.; Angius, A.; Cucca, F.; Mamedov,

I.Z.; Rosati, E.; et al. The changing landscape of naive T cell receptor repertoire with human aging. Front. Immunol. 2018, 9, 1618.

[CrossRef]

131. Fukushima, Y.; Minato, N.; Hattori, M. The impact of senescence-associated T cells on immunosenescence and age-related

disorders. Inflamm. Regen. 2018, 38, 1–6. [CrossRef]

132. Holt, D.D.C.; Wood, J.A.; Granick, J.L.; Walker, N.J.; Clark, K.C.; Borjesson, D.L. Equine mesenchymal stem cells inhibit T cell

proliferation through different mechanisms depending on tissue source. Stem Cells Dev. 2014, 23, 1258–1265. [CrossRef] [PubMed]

133. Rasmusson, I.; Ringdén, O.; Sundberg, B.; Le Blanc, K. Mesenchymal stem cells inhibit lymphocyte proliferation by mitogens and

alloantigens by different mechanisms. Exp. Cell Res. 2005, 305, 33–41. [CrossRef] [PubMed]

134. Donders, R.; Vanheusden, M.; Bogie, J.F.J.; Ravanidis, S.; Thewissen, K.; Stinissen, P.; Gyselaers, W.; Hendriks, J.J.A.; Hellings, N.

Human Wharton’s jelly-derived stem cells display immunomodulatory properties and transiently improve rat experimental

autoimmune encephalomyelitis. Cell Transplant. 2015, 24, 2077–2098. [CrossRef]

135. Nasef, A.; Chapel, A.; Mazurier, C.; Bouchet, S.; Lopez, M.; Mathieu, N.; Sensebé, L.; Zhang, Y.; Gorin, N.C.; Thierry, D.; et al.

Identification of IL-10 and TGF-β transcripts involved in the inhibition of T-lymphocyte proliferation during cell contact with

human mesenchymal stem cells. Gene Expr. 2007, 13, 217–226. [CrossRef] [PubMed]

136. Del Fattore, A.; Luciano, R.; Pascucci, L.; Goffredo, B.M.; Giorda, E.; Scapaticci, M.; Fierabracci, A.; Muraca, M. Immunoregulatory

effects of mesenchymal stem cell-derived extracellular vesicles on T lymphocytes. Cell Transplant. 2015, 24, 2615–2627. [CrossRef]

[PubMed]

137. Liu, R.; Zhang, Z.; Lu, Z.; Borlongan, C.; Pan, J.; Chen, J.; Qian, L.; Liu, Z.; Zhu, L.; Zhang, J.; et al. Human umbilical cord stem

cells ameliorate experimental autoimmune encephalomyelitis by regulating immunoinflammation and remyelination. Stem Cells

Dev. 2013, 22, 1053–1062. [CrossRef] [PubMed]

138. Tompkins, B.A.; Difede, D.L.; Khan, A.; Landin, A.M.; Schulman, I.H.; Pujol, M.V.; Heldman, A.W.; Miki, R.; Goldschmidt-

Clermont, P.J.; Goldstein, B.J.; et al. Allogeneic mesenchymal stem cells ameliorate aging frailty: A phase II randomized,

double-blind, placebo-controlled clinical trial. J. Gerontol. 2017, 72, 1513–1521. [CrossRef] [PubMed]

139. Rosado, M.M.; Bernardo, M.E.; Scarsella, M.; Conforti, A.; Giorda, E.; Biagini, S.; Cascioli, S.; Rossi, F.; Guzzo, I.; Vivarelli, M.;

et al. Inhibition of B-cell proliferation and antibody production by mesenchymal stromal cells is mediated by T cells. Stem Cells

Dev. 2015, 24, 93–103. [CrossRef]

140. Lee, H.K.; Kim, E.Y.; Kim, H.S.; Park, E.J.; Lee, H.J.; Lee, T.Y.; Kim, K.S.; Bae, S.C.; Hong, J.T.; Kim, Y.; et al. Effect of human

mesenchymal stem cells on xenogeneic T and B cells isolated from lupus-prone MRL.Fas lpr mice. Stem Cells Int. 2020, 2020.

[CrossRef]

141. Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.C.; Krause, D.S.; Deans, R.J.; Keating, A.; Prockop, D.J.;

Horwitz, E.M. Minimal criteria for defining multipotent mesenchymal stromal cells. The international society for cellular therapy

position statement. Cytotherapy 2006, 8, 315–317. [CrossRef]

142. Hassan, M.N.F.B.; Yazid, M.D.; Yunus, M.H.M.; Chowdhury, S.R.; Lokanathan, Y.; Idrus, R.B.H.; Ng, A.M.H.; Law, J.X. Large-scale

expansion of human mesenchymal stem cells. Stem Cells Int. 2020, 2020, 9529465. [CrossRef]

http://doi.org/10.1182/blood-2013-08-519520
http://doi.org/10.1100/tsw.2010.14
http://doi.org/10.1097/ALN.0000000000000546
http://doi.org/10.1016/j.celrep.2020.108188
http://doi.org/10.1002/stem.2417
http://doi.org/10.1016/j.arr.2013.04.003
http://doi.org/10.1016/j.humimm.2011.01.009
http://www.ncbi.nlm.nih.gov/pubmed/21262312
http://doi.org/10.1182/blood-2004-04-1559
http://doi.org/10.1182/blood-2007-02-074997
http://doi.org/10.3389/fimmu.2018.01618
http://doi.org/10.1186/s41232-018-0082-9
http://doi.org/10.1089/scd.2013.0537
http://www.ncbi.nlm.nih.gov/pubmed/24438346
http://doi.org/10.1016/j.yexcr.2004.12.013
http://www.ncbi.nlm.nih.gov/pubmed/15777785
http://doi.org/10.3727/096368914X685104
http://doi.org/10.3727/000000006780666957
http://www.ncbi.nlm.nih.gov/pubmed/17605296
http://doi.org/10.3727/096368915X687543
http://www.ncbi.nlm.nih.gov/pubmed/25695896
http://doi.org/10.1089/scd.2012.0463
http://www.ncbi.nlm.nih.gov/pubmed/23140594
http://doi.org/10.1093/gerona/glx137
http://www.ncbi.nlm.nih.gov/pubmed/28977399
http://doi.org/10.1089/scd.2014.0155
http://doi.org/10.1155/2020/5617192
http://doi.org/10.1080/14653240600855905
http://doi.org/10.1155/2020/9529465


Int. J. Mol. Sci. 2021, 22, 5749 28 of 31

143. Liau, L.L.; Looi, Q.H.; Chia, W.C.; Subramaniam, T.; Ng, M.H.; Law, J.X. Treatment of spinal cord injury with mesenchymal stem

cells. Cell Biosci. 2020, 10, 112. [CrossRef]

144. Liau, L.L.; Ruszymah, B.H.I.; Ng, M.H.; Law, J.X. Characteristics and clinical applications of Wharton’s jelly-derived mesenchymal

stromal cells. Curr. Res. Transl. Med. 2020, 68, 5–16. [CrossRef] [PubMed]

145. Liau, L.L.; Looi, Q.H.; Eng, S.P.; Yazid, M.D.; Sulaiman, N.; Busra, M.F.M.; Ng, M.H.; Law, J.X. Mesenchymal stem cells for the

treatment of immune-mediated diseases. In Stem Cells; World Scientific: Singapore, 2020; pp. 178–210. ISBN 978-981-12-0552-1.

146. Liau, L.L.; Al-Masawa, M.E.; Koh, B.; Looi, Q.H.; Foo, J.B.; Lee, S.H.; Cheah, F.C.; Law, J.X. The potential of mesenchymal stromal

cell as therapy in neonatal diseases. Front. Pediatr. 2020, 8, 591693. [CrossRef] [PubMed]

147. Rojas, M.; Xu, J.; Woods, C.R.; Mora, A.L.; Spears, W.; Roman, J.; Brigham, K.L. Bone marrow-derived mesenchymal stem cells in

repair of the injured lung. Am. J. Respir. Cell Mol. Biol. 2005, 33, 145–152. [CrossRef]

148. Roux, C.; Saviane, G.; Pini, J.; Belaïd, N.; Dhib, G.; Voha, C.; Ibáñez, L.; Boutin, A.; Mazure, N.M.; Wakkach, A.; et al.

Immunosuppressive mesenchymal stromal cells derived from human-induced pluripotent stem cells induce human regulatory T

cells in vitro and in vivo. Front. Immunol. 2018, 8. [CrossRef] [PubMed]

149. Tinoco, R.; Alcalde, V.; Yang, Y.; Sauer, K.; Zuniga, E.I. Cell-intrinsic transforming growth factor-β signaling mediates virus-specific

CD8+ T cell deletion and viral persistence in vivo. Immunity 2009, 31, 145–157. [CrossRef] [PubMed]

150. Ouyang, W.; Oh, S.A.; Ma, Q.; Bivona, M.R.; Zhu, J.; Li, M.O. TGF-β cytokine signaling promotes CD8+ T cell development and

low-affinity CD4+ T cell homeostasis by regulation of interleukin-7 receptor α expression. Immunity 2013, 39, 335–346. [CrossRef]

[PubMed]

151. Takimoto, T.; Wakabayashi, Y.; Sekiya, T.; Inoue, N.; Morita, R.; Ichiyama, K.; Takahashi, R.; Asakawa, M.; Muto, G.; Mori, T.; et al.

Smad2 and Smad3 are redundantly essential for the TGF-β-mediated regulation of regulatory T plasticity and Th1 development.

J. Immunol. 2010, 185, 842–855. [CrossRef]

152. Li, M.O.; Wan, Y.Y.; Flavell, R.A. T cell-produced transforming growth factor-β1 controls T cell tolerance and regulates Th1- and

Th17-cell differentiation. Immunity 2007, 26, 579–591. [CrossRef]

153. Bettelli, E.; Carrier, Y.; Gao, W.; Korn, T.; Strom, T.B.; Oukka, M.; Weiner, H.L.; Kuchroo, V.K. Reciprocal developmental pathways

for the generation of pathogenic effector TH17 and regulatory T cells. Nature 2006, 441, 235–238. [CrossRef] [PubMed]

154. Li, Y.; Liu, W.; Guan, X.; Truscott, J.; Creemers, J.W.; Chen, H.-L.; Pesu, M.; El Abiad, R.G.; Karacay, B.; Urban, J.F.; et al. STAT6

and furin are successive triggers for the production of TGF-β by T cells. J. Immunol. 2018, 201, 2612–2623. [CrossRef]

155. Leng, S.X.; Cappola, A.R.; Andersen, R.E.; Blackman, M.R.; Koenig, K.; Blair, M.; Walston, J.D. Serum levels of insulin-like growth

factor-I (IGF-I) and dehydroepiandrosterone sulfate (DHEA-S), and their relationships with serum interleukin-6, in the geriatric

syndrome of frailty. Aging Clin. Exp. Res. 2004, 16, 153–157. [CrossRef] [PubMed]

156. Cardoso, A.L.; Fernandes, A.; Aguilar-Pimentel, J.A.; de Angelis, M.H.; Guedes, J.R.; Brito, M.A.; Ortolano, S.; Pani, G.;

Athanasopoulou, S.; Gonos, E.S.; et al. Towards frailty biomarkers: Candidates from genes and pathways regulated in aging and

age-related diseases. Ageing Res. Rev. 2018, 47, 214–277. [CrossRef] [PubMed]

157. Fülöp, T.; Larbi, A.; Pawelec, G. Human T cell aging and the impact of persistent viral infections. Front. Immunol. 2013, 4, 271.

[CrossRef] [PubMed]

158. Almanzar, G.; Schwaiger, S.; Jenewein, B.; Keller, M.; Herndler-Brandstetter, D.; Würzner, R.; Schönitzer, D.; Grubeck-Loebenstein,

B. Long-term cytomegalovirus infection leads to significant changes in the composition of the CD8+ T-cell repertoire, which

may be the basis for an imbalance in the cytokine production profile in elderly persons. J. Virol. 2005, 79, 3675–3683. [CrossRef]

[PubMed]

159. Liu, C.; Zhang, Y.S.; Chen, F.; Wu, X.Y.; Zhang, B.B.; Wu, Z.D.; Lei, J.X. Immunopathology in schistosomiasis is regulated by

TLR2,4- and IFN-γ-activated MSC through modulating Th1/Th2 responses. Stem Cell Res. Ther. 2020, 11, 1–10. [CrossRef]

160. Tominaga, K.; Suzuki, H.I. TGF-β signaling in cellular senescence and aging-related pathology. Int. J. Mol. Sci. 2019, 20, 5002.

[CrossRef] [PubMed]

161. McNerlan, S.E.; Rea, I.M.; Alexander, H.D. A whole blood method for measurement of intracellular TNF-α, IFN-γ and IL-2

expression in stimulated CD3 + lymphocytes: Differences between young and elderly subjects. Exp. Gerontol. 2002, 37, 227–234.

[CrossRef]

162. Aso, K.; Tsuruhara, A.; Takagaki, K.; Oki, K.; Ota, M.; Nose, Y.; Tanemura, H.; Urushihata, N.; Sasanuma, J.; Sano, M.; et al.

Adipose-derived mesenchymal stem cells restore impaired mucosal immune responses in aged mice. PLoS ONE 2016, 11, 1–15.

[CrossRef] [PubMed]

163. Han, J.H.; Kim, O.H.; Lee, S.C.; Kim, K.H.; Park, J.H.; Lee, J.I.; Lee, K.H.; Hong, H.E.; Seo, H.; Choi, H.J.; et al. A novel hepatic

anti-fibrotic strategy utilizing the secretome released from etanercept-synthesizing adipose-derived stem cells. Int. J. Mol. Sci.

2019, 20, 6302. [CrossRef]

164. Adams, A.A.; Breathnach, C.C.; Katepalli, M.P.; Kohler, K.; Horohov, D.W. Advanced age in horses affects divisional history of T

cells and inflammatory cytokine production. Mech. Ageing Dev. 2008, 129, 656–664. [CrossRef]

165. De Macedo, B.G.; de Oliveira, H.S.C.; de Paula, M.V.; de Gomes, G.C.; de Antunes, C.M.F. Association between inflammatory

mediators, grip strength and mobility in community-dwelling elderly. Fisioterapia em Movimento 2018, 31, 3132. [CrossRef]

166. Lustig, A.; Liu, H.B.; Metter, E.J.; An, Y.; Swaby, M.A.; Elango, P.; Ferrucci, L.; Hodes, R.J.; Weng, N.P. Telomere shortening,

inflammatory cytokines, and anti-cytomegalovirus antibody follow distinct age-associated trajectories in humans. Front. Immunol.

2017, 8. [CrossRef] [PubMed]

http://doi.org/10.1186/s13578-020-00475-3
http://doi.org/10.1016/j.retram.2019.09.001
http://www.ncbi.nlm.nih.gov/pubmed/31543433
http://doi.org/10.3389/fped.2020.591693
http://www.ncbi.nlm.nih.gov/pubmed/33251167
http://doi.org/10.1165/rcmb.2004-0330OC
http://doi.org/10.3389/fimmu.2017.01991
http://www.ncbi.nlm.nih.gov/pubmed/29422893
http://doi.org/10.1016/j.immuni.2009.06.015
http://www.ncbi.nlm.nih.gov/pubmed/19604493
http://doi.org/10.1016/j.immuni.2013.07.016
http://www.ncbi.nlm.nih.gov/pubmed/23932572
http://doi.org/10.4049/jimmunol.0904100
http://doi.org/10.1016/j.immuni.2007.03.014
http://doi.org/10.1038/nature04753
http://www.ncbi.nlm.nih.gov/pubmed/16648838
http://doi.org/10.4049/jimmunol.1700808
http://doi.org/10.1007/BF03324545
http://www.ncbi.nlm.nih.gov/pubmed/15195991
http://doi.org/10.1016/j.arr.2018.07.004
http://www.ncbi.nlm.nih.gov/pubmed/30071357
http://doi.org/10.3389/fimmu.2013.00271
http://www.ncbi.nlm.nih.gov/pubmed/24062739
http://doi.org/10.1128/JVI.79.6.3675-3683.2005
http://www.ncbi.nlm.nih.gov/pubmed/15731261
http://doi.org/10.1186/s13287-020-01735-2
http://doi.org/10.3390/ijms20205002
http://www.ncbi.nlm.nih.gov/pubmed/31658594
http://doi.org/10.1016/S0531-5565(01)00188-7
http://doi.org/10.1371/journal.pone.0148185
http://www.ncbi.nlm.nih.gov/pubmed/26840058
http://doi.org/10.3390/ijms20246302
http://doi.org/10.1016/j.mad.2008.09.004
http://doi.org/10.1590/1980-5918.031.ao32
http://doi.org/10.3389/fimmu.2017.01027
http://www.ncbi.nlm.nih.gov/pubmed/28970831


Int. J. Mol. Sci. 2021, 22, 5749 29 of 31

167. Zacca, E.R.; Crespo, M.I.; Acland, R.P.; Roselli, E.; Núñez, N.G.; Maccioni, M.; Maletto, B.A.; Pistoresi-Palencia, M.C.; Morón, G.

Aging impairs the ability of conventional dendritic cells to cross-prime CD8+ T cells upon stimulation with a TLR7 ligand. PLoS

ONE 2015, 10, 1–20. [CrossRef]

168. Benabdallah, B.; Désaulniers-Langevin, C.; Colas, C.; Li, Y.; Rousseau, G.; Guimond, J.V.; Haddad, E.; Beauséjour, C. Natural

killer cells prevent the formation of teratomas derived from human induced pluripotent stem cells. Front. Immunol. 2019, 10, 1–9.

[CrossRef] [PubMed]

169. Fan, J.; Tang, X.; Wang, Q.; Zhang, Z.; Wu, S.; Li, W.; Liu, S.; Yao, G.; Chen, H.; Sun, L. Mesenchymal stem cells alleviate

experimental autoimmune cholangitis through immunosuppression and cytoprotective function mediated by galectin-9. Stem

Cell Res. Ther. 2018, 9, 1–12. [CrossRef] [PubMed]

170. Antonelli, A.; Rotondi, M.; Fallahi, P.; Ferrari, S.M.; Paolicchi, A.; Romagnani, P.; Serio, M.; Ferrannini, E. Increase of CXC

chemokine CXCL10 and CC chemokine CCL2 serum levels in normal ageing. Cytokine 2006, 34, 32–38. [CrossRef]

171. Seidler, S.; Zimmermann, H.W.; Bartneck, M.; Trautwein, C.; Tacke, F. Age-dependent alterations of monocyte subsets and

monocyte-related chemokine pathways in healthy adults. BMC Immunol. 2010, 11. [CrossRef]

172. Lim, J.Y.; Park, M.J.; Im, K.I.; Kim, N.; Jeon, E.J.; Kim, E.J.; La Cho, M.; Cho, S.G. Combination cell therapy using mesenchymal

stem cells and regulatory T-cells provides a synergistic immunomodulatory effect associated with reciprocal regulation of

Th1/Th2 and Th17/Treg cells in a murine acute graft-versus-host disease model. Cell Transplant. 2014, 23, 703–714. [CrossRef]

173. Anderson, P.; Gonzalez-Rey, E.; O’Valle, F.; Martin, F.; Oliver, F.J.; Delgado, M. Allogeneic adipose-derived mesenchymal stromal

cells ameliorate experimental eutoimmune encephalomyelitis by regulating self-reactive T cell responses and dendritic cell

function. Stem Cells Int. 2017, 2017. [CrossRef] [PubMed]

174. Agrawal, A.; Tay, J.; Ton, S.; Agrawal, S.; Gupta, S. Increased reactivity of dendritic cells from aged subjects to self-antigen, the

human DNA. J. Immunol. 2009, 182, 1138–1145. [CrossRef] [PubMed]

175. Golpanian, S.; Difede, D.L.; Khan, A.; Schulman, I.H.; Landin, A.M.; Tompkins, B.A.; Heldman, A.W.; Miki, R.; Goldstein,

B.J.; Mushtaq, M.; et al. Allogeneic human mesenchymal stem cell infusions for aging frailty. J. Gerontol. 2017, 72, 1505–1512.

[CrossRef] [PubMed]

176. Chin, S.P.; Mohd-Shahrizal, M.Y.; Liyana, M.Z.; Then, K.Y.; Cheong, S.K. High dose of intravenous allogeneic umbilical cord-

derived mesenchymal stem cells (CLV-100) infusion displays better immunomodulatory effect among healthy volunteers: A

phase 1 clinical study. Stem Cells Int. 2020, 2020, 4–8. [CrossRef] [PubMed]

177. Hashemian, S.M.R.; Aliannejad, R.; Zarrabi, M.; Soleimani, M.; Vosough, M.; Hosseini, S.E.; Hossieni, H.; Keshel, S.H.; Naderpour,

Z.; Hajizadeh-Saffar, E.; et al. Mesenchymal stem cells derived from perinatal tissues for treatment of critically ill COVID-19-

induced ARDS patients: A case series. Stem Cell Res. Ther. 2021, 12, 1–12. [CrossRef] [PubMed]

178. Berebichez-Fridman, R.; Montero-Olvera, P.R. Sources and clinical applications of mesenchymal stem cells state-of-the-art review.

Sultan Qaboos Univ. Med. J. 2018, 18, e264–e277. [CrossRef] [PubMed]

179. Kim, J.H.; Jo, C.H.; Kim, H.R.; Hwang, Y.-I. Comparison of immunological characteristics of mesenchymal stem cells from the

periodontal ligament, umbilical cord, and adipose tissue. Stem Cells Int. 2018, 2018. [CrossRef]

180. Arutyunyan, I.; Elchaninov, A.; Makarov, A.; Fatkhudinov, T. Umbilical cord as prospective source for mesenchymal stem

cell-based therapy. Stem Cells Int. 2016, 2016. [CrossRef] [PubMed]

181. Abolhasani, M.; Rezaee, M.A.; Mohammadi, M.; Ghadimi, T.; Mohammadi, M.; Rahmani, M.R. Immunomodulatory properties of

umbilical cord vein mesenchymal stromal cells influenced by gestational age and in vitro expansion. Immunol. Lett. 2018, 194,

62–68. [CrossRef]

182. Ueda, N.; Atsuta, I.; Ayukawa, Y.; Yamaza, T.; Furuhashi, A.; Narimatsu, I.; Matsuura, Y.; Kondo, R.; Watanabe, Y.; Zhang, X.; et al.

Novel application method for mesenchymal stem cell therapy utilizing its attractant-responsive accumulation property. Appl. Sci.

2019, 9, 4908. [CrossRef]

183. Gonçalves, F.D.C.; Schneider, N.; Pinto, F.O.T.; Meyer, F.S.; Visioli, F.; Pfaffenseller, B.; Lopez, P.L.D.C.; Passos, E.P.A.; Cirne-Lima,

E.O.B.; Meurer, L.; et al. Intravenous vs. intraperitoneal mesenchymal stem cells administration: What is the best route for

treating experimental colitis? World J. Gastroenterol. 2014, 20, 18228–18239. [CrossRef]

184. Braid, L.R.; Wood, C.A.; Wiese, D.M.; Ford, B.N. Intramuscular administration potentiates extended dwell time of mesenchymal

stromal cells compared to other routes. Cytotherapy 2018, 20, 232–244. [CrossRef]

185. Ebrahim, N.; Mandour, Y.M.H.; Farid, A.S.; Nafie, E.; Mohamed, A.Z.; Safwat, M.; Taha, R.; Sabry, D.; Sorour, S.M.; Refae, A.

Adipose tissue-derived mesenchymal stem cell modulates the immune response of allergic rhinitis in a rat model. Int. J. Mol. Sci.

2019, 20, 873. [CrossRef] [PubMed]

186. El-Gendy, H.; Hawass, S.E.D.; Awad, M.; Mohsen, M.A.; Amin, M.; Abdalla, H.A.; Fouad, S.; Lotfy, A. Comparative study

between human mesenchymal stem cells and etanercept as immunomodulatory agents in rat model of rheumatoid arthritis.

Immunol. Res. 2020, 68, 255–268. [CrossRef] [PubMed]

187. Liang, B.; Chen, J.; Li, T.; Wu, H.; Yang, W.; Li, Y.; Li, J.; Yu, C.; Nie, F.; Ma, Z.; et al. Clinical remission of a critically ill COVID-19

patient treated by human umbilical cord mesenchymal stem cells. Chin. J. Tissue Eng. Res. 2020. [CrossRef] [PubMed]

188. Häberle, H.; Magunia, H.; Lang, P.; Gloeckner, H.; Körner, A.; Koeppen, M.; Backchoul, T.; Malek, N.; Handgretinger, R.;

Rosenberger, P.; et al. Mesenchymal stem cell therapy for severe COVID-19 ards. J. Intensive Care Med. 2021. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pone.0140672
http://doi.org/10.3389/fimmu.2019.02580
http://www.ncbi.nlm.nih.gov/pubmed/31787975
http://doi.org/10.1186/s13287-018-0979-x
http://www.ncbi.nlm.nih.gov/pubmed/30223894
http://doi.org/10.1016/j.cyto.2006.03.012
http://doi.org/10.1186/1471-2172-11-30
http://doi.org/10.3727/096368913X664577
http://doi.org/10.1155/2017/2389753
http://www.ncbi.nlm.nih.gov/pubmed/28250776
http://doi.org/10.4049/jimmunol.182.2.1138
http://www.ncbi.nlm.nih.gov/pubmed/19124757
http://doi.org/10.1093/gerona/glx056
http://www.ncbi.nlm.nih.gov/pubmed/28444181
http://doi.org/10.1155/2020/8877003
http://www.ncbi.nlm.nih.gov/pubmed/33061992
http://doi.org/10.1186/s13287-021-02165-4
http://www.ncbi.nlm.nih.gov/pubmed/33514427
http://doi.org/10.18295/squmj.2018.18.03.002
http://www.ncbi.nlm.nih.gov/pubmed/30607265
http://doi.org/10.1155/2018/8429042
http://doi.org/10.1155/2016/6901286
http://www.ncbi.nlm.nih.gov/pubmed/27651799
http://doi.org/10.1016/j.imlet.2017.11.008
http://doi.org/10.3390/app9224908
http://doi.org/10.3748/wjg.v20.i48.18228
http://doi.org/10.1016/j.jcyt.2017.09.013
http://doi.org/10.3390/ijms20040873
http://www.ncbi.nlm.nih.gov/pubmed/30781605
http://doi.org/10.1007/s12026-020-09132-w
http://www.ncbi.nlm.nih.gov/pubmed/32734446
http://doi.org/10.1097/MD.0000000000021429
http://www.ncbi.nlm.nih.gov/pubmed/32756149
http://doi.org/10.1177/0885066621997365
http://www.ncbi.nlm.nih.gov/pubmed/33663244


Int. J. Mol. Sci. 2021, 22, 5749 30 of 31

189. Laparra, A.; Tricot, S.; Le van, M.; Damouche, A.; Gorwood, J.; Vaslin, B.; Favier, B.; Benoist, S.; Fang, R.H.T.; Bosquet, N.; et al.

The frequencies of immunosuppressive cells in adipose tissue differ in human, non-human primate, and mouse models. Front.

Immunol. 2019, 10, 1–14. [CrossRef] [PubMed]

190. Gosemann, J.H.; Kuebler, J.F.; Pozzobon, M.; Neunaber, C.; Hensel, J.H.K.; Ghionzoli, M.; de Coppi, P.; Ure, B.M.; Holze, G.

Activation of regulatory T cells during inflammatory response is not an exclusive property of stem cells. PLoS ONE 2012, 7, 2–9.

[CrossRef]

191. Lee, E.-S.; Lim, J.-Y.; Im, K.-I.; Kim, N.; Nam, Y.-S.; Jeon, Y.-W.; Cho, S.-G. Adoptive transfer of Treg cells combined with

mesenchymal stem cells facilitates repopulation of endogenous Treg cells in a murine acute GVHD model. PLoS ONE 2015, 10,

e0138846. [CrossRef] [PubMed]

192. Islam, D.; Huang, Y.; Fanelli, V.; Delsedime, L.; Wu, S.; Khang, J.; Han, B.; Grassi, A.; Li, M.; Xu, Y.; et al. Identification and

modulation of microenvironment is crucial for effective mesenchymal stromal cell therapy in acute lung injury. Am. J. Respir. Crit.

Care Med. 2019, 199, 1214–1224. [CrossRef] [PubMed]

193. Koch, M.; Lemke, A.; Lange, C. Extracellular vesicles from MSC modulate the immune response to renal allografts in a MHC

disparate rat model. Stem Cells Int. 2015, 2015. [CrossRef]

194. Mead, B.; Chamling, X.; Zack, D.J.; Ahmed, Z.; Tomarev, S. TNFα-mediated priming of mesenchymal stem cells enhances their

neuroprotective effect on retinal ganglion cells. Investig. Ophthalmol. Vis. Sci. 2020, 61. [CrossRef]

195. Kabat, M.; Bobkov, I.; Kumar, S.; Grumet, M. Trends in mesenchymal stem cell clinical trials 2004–2018: Is efficacy optimal in a

narrow dose range? Stem Cells Transl. Med. 2020, 9, 17–27. [CrossRef]

196. Qin, H.; Zhao, A. Mesenchymal stem cell therapy for acute respiratory distress syndrome: From basic to clinics. Protein Cell 2020,

11, 707–722. [CrossRef]

197. Senyuk, V.; Patel, P.; Mahmud, N.; Rondelli, D. Blockade of TNFα to improve human CD34+ cell repopulating activity in

allogeneic stem cell transplantation. Front. Immunol. 2019, 10, 1–10. [CrossRef] [PubMed]

198. Vega-Letter, A.M.; Kurte, M.; Fernández-O’Ryan, C.; Gauthier-Abeliuk, M.; Fuenzalida, P.; Moya-Uribe, I.; Altamirano, C.;

Figueroa, F.; Irarrázabal, C.; Carrión, F. Differential TLR activation of murine mesenchymal stem cells generates distinct

immunomodulatory effects in EAE. Stem Cell Res. Ther. 2016, 7, 1–12. [CrossRef] [PubMed]

199. Eum, J.Y.; Lee, J.C.; Yi, S.S.; Kim, I.Y.; Seong, J.K.; Moon, M.H. Aging-related lipidomic changes in mouse serum, kidney, and heart

by nanoflow ultrahigh-performance liquid chromatography-tandem mass spectrometry. J. Chromatogr. A 2020, 1618. [CrossRef]

[PubMed]

200. Eriksson, J.G.; Guzzardi, M.A.; Iozzo, P.; Kajantie, E.; Kautiainen, H.; Salonen, M.K. Higher serum phenylalanine concentration is

associated with more rapid telomere shortening in men. Am. J. Clin. Nutr. 2017, 105, 144–150. [CrossRef] [PubMed]

201. Viau, K.S.; Wengreen, H.J.; Ernst, S.L.; Cantor, N.L.; Furtado, L.V.; Longo, N. Correlation of age-specific phenylalanine levels with

intellectual outcome in patients with phenylketonuria. J. Inherit. Metab. Dis. 2011, 34, 963–971. [CrossRef] [PubMed]

202. Franceschi, C.; Garagnani, P.; Parini, P.; Giuliani, C.; Santoro, A. Inflammaging: A new immune-metabolic viewpoint for

age-related diseases. Nat. Rev. Endocrinol. 2018, 14, 576–590. [CrossRef] [PubMed]

203. Collino, S.; Montoliu, I.; Martin, F.-P.J.; Scherer, M.; Mari, D.; Salvioli, S.; Bucci, L.; Ostan, R.; Monti, D.; Biagi, E.; et al. Metabolic

signatures of extreme longevity in Northern Italian centenarians reveal a complex remodeling of lipids, amino acids, and gut

microbiota metabolism. PLoS ONE 2013, 8, e56564. [CrossRef]

204. Suh, B.; Park, S.; Shin, D.W.; Yun, J.M.; Keam, B.; Yang, H.K.; Ahn, E.; Lee, H.; Park, J.H.; Cho, B. Low albumin-to-globulin ratio

associated with cancer incidence and mortality in generally healthy adults. Ann. Oncol. 2014, 25, 2260–2266. [CrossRef]

205. Jimbo, K.; Konuma, T.; Watanabe, E.; Kohara, C.; Mizukami, M.; Nagai, E.; Oiwa-Monna, M.; Mizusawa, M.; Isobe, M.; Kato,

S.; et al. T memory stem cells after allogeneic haematopoietic cell transplantation: Unique long-term kinetics and influence of

chronic graft-versus-host disease. Br. J. Haematol. 2019, 186, 866–878. [CrossRef]

206. Clave, E.; Busson, M.; Douay, C.; de Latour, R.P.; Berrou, J.; Rabian, C.; Carmagnat, M.; Rocha, V.; Charron, D.; Socié, G.; et al.

Acute graft-versus-host disease transiently impairs thymic output in young patients after allogeneic hematopoietic stem cell

transplantation. Blood 2009, 113, 6477–6484. [CrossRef]

207. Chaudhry, M.S.; Velardi, E.; Malard, F.; van den Brink, M.R.M. Immune reconstitution after allogeneic hematopoietic stem cell

transplantation: Time to T up the thymus. J. Immunol. 2017, 198, 40–46. [CrossRef]

208. Bacigalupo, A.; Ballen, K.; Rizzo, D.; Giralt, S.; Lazarus, H.; Ho, V.; Apperley, J.; Slavin, S.; Pasquini, M.; Sandmaier, B.M.;

et al. Defining the intensity of conditioning regimens: Working definitions. Biol. Blood Marrow Transplant. 2009, 15, 1628–1633.

[CrossRef]

209. Akahoshi, Y.; Nishiwaki, S.; Arai, Y.; Harada, K.; Najima, Y.; Kanda, Y.; Shono, K.; Ota, S.; Fukuda, T.; Uchida, N.; et al.

Reduced-intensity conditioning is a reasonable alternative for Philadelphia chromosome-positive acute lymphoblastic leukemia

among elderly patients who have achieved negative minimal residual disease: A report from the adult acute lymphoblastic

leukemia W. Bone Marrow Transplant. 2020, 55, 1317–1325. [CrossRef] [PubMed]

210. Rashidi, A.; Ebadi, M.; Colditz, G.A.; DiPersio, J.F. Outcomes of allogeneic stem cell transplantation in elderly patients with acute

myeloid leukemia: A systematic review and meta-analysis. Biol. Blood Marrow Transplant. 2016, 22, 651–657. [CrossRef]

211. Aoki, J.; Kanamori, H.; Tanaka, M.; Yamasaki, S.; Fukuda, T.; Ogawa, H.; Iwato, K.; Ohashi, K.; Okumura, H.; Onizuka, M.; et al.

Impact of age on outcomes of allogeneic hematopoietic stem cell transplantation with reduced intensity conditioning in elderly

patients with acute myeloid leukemia. Am. J. Hematol. 2016, 91, 302–307. [CrossRef] [PubMed]

http://doi.org/10.3389/fimmu.2019.00117
http://www.ncbi.nlm.nih.gov/pubmed/30804937
http://doi.org/10.1371/journal.pone.0035512
http://doi.org/10.1371/journal.pone.0138846
http://www.ncbi.nlm.nih.gov/pubmed/26393514
http://doi.org/10.1164/rccm.201802-0356OC
http://www.ncbi.nlm.nih.gov/pubmed/30521764
http://doi.org/10.1155/2015/486141
http://doi.org/10.1167/iovs.61.2.6
http://doi.org/10.1002/sctm.19-0202
http://doi.org/10.1007/s13238-020-00738-2
http://doi.org/10.3389/fimmu.2018.03186
http://www.ncbi.nlm.nih.gov/pubmed/30723481
http://doi.org/10.1186/s13287-016-0402-4
http://www.ncbi.nlm.nih.gov/pubmed/27724984
http://doi.org/10.1016/j.chroma.2020.460849
http://www.ncbi.nlm.nih.gov/pubmed/31928769
http://doi.org/10.3945/ajcn.116.130468
http://www.ncbi.nlm.nih.gov/pubmed/27881392
http://doi.org/10.1007/s10545-011-9329-1
http://www.ncbi.nlm.nih.gov/pubmed/21556836
http://doi.org/10.1038/s41574-018-0059-4
http://www.ncbi.nlm.nih.gov/pubmed/30046148
http://doi.org/10.1371/annotation/5fb9fa6f-4889-4407-8430-6dfc7ecdfbdd
http://doi.org/10.1093/annonc/mdu274
http://doi.org/10.1111/bjh.15995
http://doi.org/10.1182/blood-2008-09-176594
http://doi.org/10.4049/jimmunol.1601100
http://doi.org/10.1016/j.bbmt.2009.07.004
http://doi.org/10.1038/s41409-020-0951-0
http://www.ncbi.nlm.nih.gov/pubmed/32447350
http://doi.org/10.1016/j.bbmt.2015.10.019
http://doi.org/10.1002/ajh.24270
http://www.ncbi.nlm.nih.gov/pubmed/26663096


Int. J. Mol. Sci. 2021, 22, 5749 31 of 31

212. Elfeky, R.; Lazareva, A.; Qasim, W.; Veys, P. Immune reconstitution following hematopoietic stem cell transplantation using

different stem cell sources. Expert Rev. Clin. Immunol. 2019, 15, 735–751. [CrossRef]

213. Lin, R.J.; Elias, H.K.; van den Brink, M.R.M. Immune reconstitution in the aging host: Opportunities for mechanism-based

therapy in allogeneic hematopoietic cell transplantation. Front. Genet. 2021, 12. [CrossRef]

214. Abbuehl, J.P.; Tatarova, Z.; Held, W.; Huelsken, J. Long-term engraftment of primary bone marrow stromal cells repairs niche

damage and improves hematopoietic stem cell transplantation. Cell Stem Cell 2017, 21, 241–255.e6. [CrossRef] [PubMed]

215. Li, T.; Luo, C.; Zhang, J.; Wei, L.; Sun, W.; Xie, Q.; Liu, Y.; Zhao, Y.; Xu, S.; Wang, L. Efficacy and safety of mesenchymal stem cells

co-infusion in allogeneic hematopoietic stem cell transplantation: A systematic review and meta-analysis. Stem Cell Res. Ther.

2021, 12, 1–22. [CrossRef] [PubMed]

http://doi.org/10.1080/1744666X.2019.1612746
http://doi.org/10.3389/fimmu.2021.674093
http://doi.org/10.1016/j.stem.2017.07.004
http://www.ncbi.nlm.nih.gov/pubmed/28777945
http://doi.org/10.1186/s13287-021-02304-x
http://www.ncbi.nlm.nih.gov/pubmed/33879242

	Introduction 
	Causes and Consequence of Immunosenescence 
	Oxidative Stress 
	Mitochondrial ROS 
	Telomere Attrition 
	Thymic Involution 
	Impaired Autophagy 
	Epigenetic Alteration 
	Genomic Instability 
	Cellular Senescence 

	Age-Associated Changes in the Innate Immune System 
	Monocytes/Macrophages 
	Neutrophils 
	Natural Killer (NK) Cells 

	Age-Associated Changes in the Adaptive Immune System 
	T Cells 
	B Cells 

	Mesenchymal Stem Cell Therapy to Reverse Aging Effects on the Immune System 
	Mechanism of MSCs Action on Immune System 
	Translational Application of MSCs 

	Limitations and Prospects 
	Conclusions 
	References

