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Human mesenchymal stem/stromal cell (hMSC)-based cell thera-
pies are promising for treating a variety of diseases. The unique
immunomodulatory properties of hMSCs have extended their
therapeutic potential beyond tissue regeneration. However, exten-
sive pre-clinical culture expansion inevitably drives cells toward
replicative “aging” and a consequent decline in quality. These
“in vitro-aged” hMSCs resemble biologically aged cells, which
have been reported to show senescence signatures, diminished
immunosuppressive capacity, and weakened regenerative poten-
tial as well as pro-inflammatory features. In this review, we have
surveyed the literature to explore the intimate relationship be-
tween the inflammatory status of hMSCs and their in vitro aging
process. We posit that a shift from an anti-inflammatory to a
pro-inflammatory phenotype of culture-expanded hMSCs contrib-
utes to a deterioration in their therapeutic efficacy. Potential mo-
lecular and cellular mechanisms underpinning this phenomenon
have been discussed. We have also highlighted studies that
leverage these mechanisms to make culture-expanded hMSCs
more amenable for clinical use.

Introduction

The aging of the world’s population is a severe health and
socioeconomic problem for most developed countries.
The United Nations projects that by 2050, one in six
(16%) people worldwide will be age 65 years or over,
compared with one in eleven (9%) in 2019 (Department
of Economic and Social Affairs, 2019). A gradual decline
in mobility, physical strength, and cognitive ability, com-
bined with increased risk of cardiovascular disease, osteoar-
thritis, and metabolic disorders, adversely affects the
health and well-being of the elderly (Jaul and Barron,
2017). Notably, such age-associated diseases place a sub-
stantial monetary burden on society. In the United States
alone, approximately 9 million people suffer age-associated
fractures each year, with a health-care cost exceeding
US$20 billion (Burge et al., 2007). Thus, effective therapeu-
tic measures to repair and rejuvenate aged tissues are in
great demand. In this regard, the therapeutic potential of
human mesenchymal stem/stromal cells (hMSCs) in regen-
erative medicine has long been explored.

Owing to their multipotency, hMSCs are promising cell
therapy candidates for tissue regeneration. These cells can

694 Stem Cell Reports | Vol. 16 | 694-707 | April 13,2021 | © 2021 The Authors.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

be readily expanded and differentiated into adipocytes,
chondrocytes, or osteoblasts under appropriate conditions
invitro (Kolf et al., 2007). When administered in vivo, by vir-
tue of their trophic, growth factor-rich secretome, hMSCs
attract other cells important for tissue repair and help
create a regenerative environment (Lin et al, 2019).
Further interest in the therapeutic application of these cells
has been driven by their immunomodulatory potential. In
particular, the immunosuppressive properties of hMSCs
have shown promise in treating diseases characterized by
highly inflammatory microenvironments, such as graft-
versus-host disease (GVHD) (Le Blanc et al., 2008) and auto-
immune disorders (Duijvestein et al., 2010).

Since the first clinical trial of an hMSC-based therapy in
1995 (Lazarus et al., 1995), hMSCs have become the most
clinically studied cell therapy candidates. Autologous ap-
plications are currently more widely studied than alloge-
neic applications, and the number of clinical trials has
grown rapidly (Figure 1A). As of November 2020, there
were 1,025 clinical trials of hMSC-based therapies regis-
tered worldwide (clinicaltrials.gov). The majority of these
trials were at early stages (phase 1 or 2), while only 4.6%
were in phase 3 or 4 (Figure 1B). To date, only 10 MSC-
based products have cleared regulatory approval (Levy
et al., 2020). Such approvals date back to 2010 and involve
agencies from Europe, Japan, India, South Korea, New Zea-
land, and Canada (Figure 1C).

Despite the many advantages of using hMSCs for cell
therapy, the limited lifespan of these cells poses a signifi-
cant challenge for culture expansion processes prior to
clinical application. Among many others, a study con-
ducted in 2008 showed that within 43-77 days of expan-
sion, human bone marrow-derived MSCs (BM-MSCs)
from eight donors underwent replicative senescence
(Wagner et al., 2008). These “in vitro-aged” cells exhibit
morphological abnormalities, skewed differentiation po-
tential, attenuated surface marker expression, and, finally,
proliferative arrest (Lunyak et al., 2017; Yang et al., 2018).
Interestingly, parallels can be drawn between these in vitro
aging phenotypes and those observed in biologically aged
(or “in vivo-aged”) hMSCs from elderly donors (Alt et al.,
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Figure 1. Clinical Trials on MSC-Based Cell Therapies Listed in clinicaltrials.gov (a Total of 1,025 as of November 2020)

(A) Cumulative number of allogeneic (342) and autologous (389) trials. A further 294 trials failed to report the source of cells (mesen-
chymal stem cell and allogeneic or autologous were used as search strings).

(B) Percentage of trials at different phases of clinical research (mesenchymal stem cell and clinical research phase number were used as
search strings).

(C) A timeline showing MSC products that have cleared requlatory approval in the stated countries. AD-MSC, adipose-derived MSC; BM-MSC,
bone marrow-derived MSC; UC-MSC, umbilical cord-derived MSC; GvHD, graft-versus-host disease. *A licensee of Mesoblast. Sources of
information are as follows: *Korea Ministry of Food and Drug Safety website, https://www.mfds.go.kr/eng/brd/m_30/view.do?seq=71337;
2Korea Ministry of Food and Drug Safety website, https://www.mfds.qgo.kr/eng/brd/m_30/view.do?seq=70957; Korea Ministry of Food
and Drug Safety website, https://www.mfds.go.kr/eng/brd/m_30/view.do?seq=69798; “conditional approval obtained in New Zealand in
2012, approval lapsed in 2016, New Zealand Medicines and Medical Devices Safety Authority website, https://medsafe.govt.nz/
regulatory/ProductDetail.asp?ID=15063; conditional approval obtained in Canada in 2012, approval granted in 2014, Canada Drug
Product Database, https://health-products.canada.ca/dpd-bdpp/info.do?lang=en&code=87195; ®Korea Ministry of Food and Drug Safety
website, https://www.mfds.go.kr/eng/brd/m_30/view.do?seq=70956; ’Pharmaceuticals and Medical Devices Agency (Japan) website,
https://www.pmda.go.jp/files/000215658.pdf; ®Nature India website, https://www.natureasia.com/en/nindia/article/10.1038/nindia.
2016.61; °Pharmaceuticals and Medical Devices Agency (Japan) website, https://www.pmda.go.jp/files/000231946.pdf; *°European
Medical Agency website, https://www.ema.europa.eu/en/medicines/human/EPAR/alofisel.
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2012; Baker et al., 2015). For example, it has been shown
that at late passages, hMSCs acquire significant changes at
both genetic and epigenetic levels, much like their in vivo-
aged counterparts harvested from older individuals
(Cakouros and Gronthos, 2019; Peffers et al., 2016). This
suggests that during in vitro and in vivo aging, similar mo-
lecular mechanisms may be responsible for mediating
a drastic decline in key functional attributes, such as

immunomodulation and anti-inflammatory properties
(Neri and Borzi, 2020).

Importantly, the significance of altered inflammatory
features that in vitro-aged hMSCs tend to develop, and
their impact on the quality and clinical utility of these
cells, is yet to be uncovered fully. In this review, we focus
on discussing the relationship between the inflammatory
status of hMSCs and their in vitro-aging process, and have
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also compiled evidence from relevant in vivo studies that
offer significant insights into the overall MSC aging pro-
cess. For clarity, we designated specific terms for in vitro-
and in vivo-aged cells (Figure 2).

The Immunosuppressive and Anti-Inflammatory
Effects of hMSCs

The discovery of the immunosuppressive functions of
hMSCs broadened the scope of their clinical application
beyond tissue regeneration. MSCs are able to suppress
the activation of multiple immune cells from the innate
and adaptive immune systems. Young, healthy hMSCs
inhibit both the proliferation (Bartholomew et al., 2002;
Meisel et al.,, 2004) and differentiation of T cells into
Th1 and Th17 helper cells and simultaneously promote
the production of regulatory T cells (Luz-Crawford et al.,
2013). MSCs also attenuate the activity of natural killer
cells by inhibiting their proliferation, cytotoxicity, and
cytokine production (Spaggiari et al., 2006, 2008). In addi-
tion, hMSCs can induce a switch of type 1 pro-inflamma-
tory macrophages (M1) to the type 2 anti-inflammatory
phenotype (M2), suppressing inflammation as a result
(Bernardo and Fibbe, 2013; Zhang et al., 2010). One way
MSCs exert such immunomodulatory effects is through
the production of extracellular vesicles (EVs) that carry a
wide array of cargo, such as mRNAs, microRNAs (miR-
NAs), and proteins (Martin-Rufino et al., 2019; Witwer
et al., 2019).

Priming of MSCs by a pro-inflammatory signal has
emerged as a crucial requirement to activate their immu-
nosuppressive function (Ren et al., 2008). This underpins
the observations that MSCs are highly effective for treat-
ing acute and severe inflammatory disease conditions.
For example, in a mouse model of GvHD, MSCs were
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Figure 2. Terms that Describe In Vitro-
and In Vivo-Aged Cells

(A) Early- and late-passage cells describes
the in vitro age of cells according to the
number of serial passages they have under-
gone (early passage <5; late passage
>10).

(B) Young and old cells describes the in vivo
age of cells depending on donor age (young

- B donor <30; old donor >60).
Agﬁd (C) Youthful cells is a general term that
cells

collectively refers to early-passage (in vitro
age) and young (in vivo age) cells.

(D) Aged cells is a general term that
collectively refers to late-passage (in vitro
age) and old (in vivo age) cells.

found to be more effective when administered after the
onset of inflammation (Ren et al., 2008) (that is, 1 day af-
ter bone marrow transfusion) rather than on the same day
as the procedure (Sudres et al., 2006). Typically, when
stimulated with the correct combination of inflammatory
cytokines, hMSCs excessively express strong immunosup-
pressors such as indoleamine-2,3-dioxygenase (IDO),
prostaglandin E2 (PGE2), transforming growth factor B
(TGF-B), tumor necrosis factor-inducible gene 6 protein,
and interleukin (IL) 10 (Betancourt, 2013). As a result,
primed hMSCs are able to dampen immune cell activity
and counteract the effects of pro-inflammatory molecules
that triggered their initial activation. Pre-conditioning
hMSCs with tumor necrosis factor o (TNF-o) and inter-
feron v (IFN-y) has been shown to promote the formation
of anti-inflammatory M2 macrophages and inhibit mono-
nuclear cell proliferation (Francois et al.,, 2012). Priming
with IL-17 was also shown to enhance MSC-mediated
immunosuppression by increasing the secretion of IL-10
and TGEF-B, thereby prolonging the survival of allogeneic
skin grafts in mice (Ma et al., 2018). Furthermore, IL-17
addition at a concentration of 0.5 ng/mL can potentiate
the priming effect of TNF-a and IFN-y in murine MSCs,
in an iNOS (inducible nitric oxide synthase)-dependent
manner (Han et al.,, 2014). However, the priming effect
of IL-17 on hMSCs is yet to be validated in hMSCs, espe-
cially since hMSCs do not express iNOS. The improved
immunomodulatory features of primed MSCs have also
been associated with changes in the compositional and
functional features of the EVs they produce. Priming
MSCs with pro-inflammatory factors has been reported
to stimulate the production of EVs with strong anti-in-
flammatory properties and increased therapeutic benefits
(Ti et al., 2015; Yao et al., 2020).
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Compromised Immunomodulatory Capacity of Aged
hMSCs and Underpinning Mechanisms

As hMSCs age, their immunomodulatory potential is
severely diminished. Youthful hMSCs have strong anti-in-
flammatory properties that are widely utilized in tissue
regeneration strategies. By contrast, studies have shown
that aged hMSCs tend to exhibit pro-inflammatory signa-
tures with compromised immunosuppressive capacity (Be-
tancourt, 2013; Ebert et al., 2015; Turinetto et al., 2016).
Such an age-associated decline in the therapeutic features
of hMSCs was evident when late-passage hMSCs were less
effective than early-passage MSCs in controlling acute
GVvHD (von Bahr et al., 2012). In addition, a study of
hMSCs from 13 different donors showed that even the least
immunosuppressive early-passage hMSC lines were more
effective than the most immunosuppressive late-passage
cell lines (Klinker et al., 2017).

The acquisition of a pro-inflammatory signature in
hMSCs has also been observed to correlate with increasing
in vivo age. In a study that analyzed changes correlated
with aging in BM-MSCs from donors of various ages (13—
80 years), cells from older donors were reported to produce
higher levels of IL-6 (Siegel et al., 2013). Similarly, adipose-
derived MSCs (AD-MSCs) isolated from elderly patients
(older than 65 years) with atherosclerosis displayed a pro-
inflammatory secretome with increased levels of IL-6, IL-
8, and monocyte chemoattractant protein 1 (MCP1), and
a diminished capacity to suppress T cell proliferation and
activation (Kizilay Mancini et al., 2017). Neutralizing such
pro-inflammatory cytokines with monoclonal antibodies
enhanced the immunosuppressive function of these
hMSCs (Kizilay Mancini et al., 2017). This evidence clearly
demonstrates that the immunomodulatory function of
hMSCs changes markedly with aging. However, the under-
lying cellular and molecular mechanisms for these changes
remain to be fully elucidated. In the following sections, we
highlight other age-related changes in MSCs and their
extracellular microenvironment, which may contribute to
alterations in their functional properties.

Senescence and Senescence-Associated Secretory Phenotype

Late-passage MSCs comprise a heterogeneous population,
with a high proportion of senescent cells that are under
irreversible proliferative arrest and display altered differen-
tiation potential. Unlike apoptotic cells, which are quickly
cleared, senescent cells are metabolically active for a pro-
longed period of time, accumulate continuously, and are
able to exert their effects in the surrounding environment.
This is exemplified by a study showing that conditioned
media from senescent hMSCs (passage 10) directly induced
a senescent phenotype in early-passage cells (passage 1) (Se-
verino et al., 2013). To study the effects of senescence on
the immunomodulatory capacity of MSCs, Sepulveda and
colleagues used radiation to induce cellular senescence in

human BM-MSCs. These cells showed increased IL-6
expression and diminished immunosuppressive potential.
A follow-up study from the same group confirmed this
observation in vivo, where radiation-treated murine MSCs
also lost their protective immunosuppressive function un-
der septic conditions (Sepulveda et al., 2014).

Senescent cells are able to modulate their niche as a result
of a unique secretome profile they acquire, termed the
“senescence-associated secretory phenotype” or SASP
(Coppe et al., 2008; Tominaga, 2015). In the case of aged
hMSCs, the SASP plays an essential role in mediating their
pro-inflammatory status. The potential effects of the SASP
on hMSCs and their microenvironment are illustrated in
Figure 3. The SASP encompasses chemotactic molecules,
such as MCP2 (also known as C-C motif chemokine ligand
8, CCL8), macrophage inflammatory protein lo. (MIP1a;
also known as CCL3), and the leukocyte chemotaxis mole-
cules C-X-C motif chemokine ligands 9 and 10 (CXCL9
and CXCL10), that induce immune cell recruitment into
the stem cell niche (Lasry and Ben-Neriah, 2015; Lunyak
et al., 2017). In addition, pro-inflammatory cytokines in
the SASP not only activate neutrophils, dendritic cells,
and leukocytes recruited by chemotactic cytokines, but
also modulate the proliferation and differentiation poten-
tial of hMSCs (Klinker et al., 2017). Another important
class of SASP constituents, the matrix metalloproteinases
(MMPs), affect the integrity of the stem cell niche by de-
grading protein components of the extracellular matrix
(ECM). As a result, both hMSC growth and immune cell
migration are affected (Lasry and Ben-Neriah, 2015; Lu-
nyak et al., 2017).

Senescent MSCs also release a large quantity of reactive
oxygen species (ROS), which induces damaging oxidative
stress in the microenvironment (Lasry and Ben-Neriah,
2015). In turn, growth arrest is reinforced in senescent cells,
and neighboring cells are driven into a senescent state.
Senescence-related changes also influence MSC EVs, partic-
ularly their size and cargo (Boulestreau et al., 2020; Lei et al.,
2017). Notably, EV preparations from young and old hu-
man donors had varying immunomodulatory capabilities,
whereby MSC EVs from an old donor (72 years of age)
showed reduced immunosuppression in comparison to
MSC EVs from a younger donor (25 years of age) (Huang
et al., 2019). Such differences were attributed to modified
levels of MSC-EV miRNAs, such as miR-223-5p, miR-127-
3p, and miR-125b-5p. These findings corroborate earlier
data from rodent studies that also highlighted age-related
changes in miRNA levels within MSC EVs and associated al-
terations in immunomodulatory properties (Davis et al.,
2017; Fafian-Labora et al., 2017; Wang et al., 2015). Collec-
tively, such observations indicate that age-dependent alter-
ations in the compositional features of MSC EVs may repre-
sent a non-canonical arm of the SASP, which contributes to
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The SASP contains a wide range of soluble factors, such as reactive oxygen species (R0S), monocyte and leukocyte chemotactic proteins

(MIP1a, MCP2, CXCL9, and CXCL10), pro-inflammatory cytokines (IL-1,

IL-6, and IL-8), and proteases (MMP1 and MMP3). These molecules

act on both hMSCs and immune cells, as well as the extracellular matrix, to create an inflammatory microenvironment. Abbreviations: MIP,
macrophage inflammatory protein; MCP, monocyte chemoattractant protein; CXCL, C-X-C motif chemokine ligand; IL, interleukin; MCP,

monocyte chemotactic protein; MMP, matrix metalloproteinase.

a decline in the immunomodulatory capacity of MSCs. The
age-related changes in the effects of MSC-EV miRNAs on
immune cells in the surrounding microenvironment, as
well as on the parental MSCs themselves, are yet to be fully
discerned. Future efforts to include MSC-EV miRNAs as a
critical quality attribute of clinical-grade MSCs could be
considered in the development of MSC-EV preparations
with optimal immunomodulatory properties.

Extracellular Matrix Remodeling

Through the action of the SASP milieu, the ECM may be re-
modeled in a variety of ways. In addition to protein degra-
dation by MMPs, components of the ECM are vulnerable
targets for oxidation. For example, oxidation of carbohy-
drates, such as glycosaminoglycans (GAGs), by free radicals
exacerbates ECM restructuring and contributes to altered
cell behavior (Rees et al., 2008). GAGs, particularly heparan
sulfate (HS), have an important role in mediating stem cell
function (Ravikumar et al.,, 2020). HS can bind and
sequester chemokines, cytokines, and growth factors to
the ECM,; regulate their bioavailability; and potentiate their
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binding with cognate cell-surface receptors for signaling
(Xuand Esko, 2014). In addition, HS-immobilized cytokine
and chemokine reserves may be liberated in biologically
active forms into the extracellular space upon HS fragmen-
tation or shedding by heparanases or MMPs, respectively.
This process is crucial for increasing vascular permeability
during inflammation and aiding leukocyte extravasation
into the stroma (Lever et al., 2014; Parish, 2006).
Importantly, the impact of in vitro or in vivo aging and
associated inflammatory events on the hMSC glycome, or
vice versa, remains unexplored. We hypothesize that repli-
cative age-related changes in HS composition may accom-
pany the acquisition of a senescent phenotype in hMSCs.
Such an in vitro-aged HS signature may preferentially bind
SASP constituents, increase their local concentration in
the microenvironment, and augment their pro-inflamma-
tory functions. To address this hypothesis, HS disaccharide
profiles of early- versus late-passage hMSCs may be charac-
terized to investigate potential structural changes that
correlate with in vitro aging. In addition, binding and
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kinetics studies employing techniques such as surface plas-
mon resonance may be undertaken to examine HS chain
interactions with SASP molecules at different stages of cul-
ture expansion.

Alterations in Systemic Factors

Alterations in the systemic levels of certain hormones have
been reported to correspond to modified MSC function. An
age-associated decline in the production of estrogen has
been found to correlate with a skewed differentiation po-
tential of MSCs and an overall loss of skeletal tissue integ-
rity (Mistry et al., 2018). In addition, testosterone has
been observed to support the proliferation and stemness
of MSCs (Corotchi et al., 2016), suggesting that changes
in testosterone production with age may also contribute
to altered MSC properties. The dysregulated lineage
commitment of MSCs in an aging bone marrow niche
has also been attributed in part to attenuated levels of circu-
lating growth hormone (GH) and insulin-like growth factor
I (IGF-1) during aging (Bolamperti et al., 2018; Crane et al.,
2013). Interestingly, decreased IGF-1 production has been
reported to correlate with increased serum IL-6 levels and
associated pro-inflammatory microenvironments in aged
individuals (Cappola et al., 2003). Further investigations
to examine how GH and IGF-1 affect MSC function would
provide valuable insights into the link between inflamma-
tion and MSC aging.

Niche Interactions

MSC function is known to depend heavily on cell-cell in-
teractions and cross talk with other cells within the niche.
In the bone marrow, MSCs lie in close apposition to a vari-
ety of cell types, especially hematopoietic stem cells
(HSC:s). It is highly likely that as HSCs age, the drastic
changes they undergo, such as increased proliferation
and lineage skewing, have a knock-on effect on the
biochemical properties of neighboring MSCs and the sur-
rounding microenvironment. In the elderly, HSCs are in a
constant state of low-grade activation due to elevated levels
of systemic inflammatory cytokines. This low-grade activa-
tion is associated with gradual aging and eventual senes-
cence of the HSCs in a process termed “inflammaging,”
which could propagate to MSCs via SASPs (Franceschi
et al., 2000). Moreover, HSCs are known to secrete BMP
that induces the differentiation of MSCs and reduces the
multipotent cell reservoir. Adipocytes often also reside in
close proximity to MSCs; an increased accumulation of ad-
ipocytes and fat tissue has been observed in the bone
marrow of old people (Justesen et al., 2001). Leptin, a hor-
mone released by adipocytes, was shown to induce the
senescence of chondrogenic progenitor cells by activating
p53/p21 (Zhao et al.,, 2016). This suggests a possibility
that leptin may also contribute to MSC senescence during
in vivo aging, which remains to be experimentally
elucidated.

BM-MSCs that reside close to HSCs seem to be more
vulnerable to an inflammaging effect compared with
MSC:s in apposition with adipocytes within adipose tissue.
This hypothesis is supported by a study that assessed
donor-matched BM-MSCs and AD-MSCs (Mohamed-
Ahmed et al., 2018). For cells from young donors (8-14
years of age), BM-MSCs and AD-MSCs did not show any sig-
nificant differences in their proliferation potential. In
contrast, BM-MSCs from old donors (55-85 years of age)
showed a reduced proliferative potential compared with
AD-MSCs from the same donor: the average time for cells
at passage 1 to reach 80% confluence was observed to be
24 + 6 days for BM-MSCs and 13 + 4 days for AD-MSCs.
In addition to exhibiting a greater proliferative potential,
AD-MSCs from old donors produced higher levels of the
anti-inflammatory cytokines TGF-1 and leukemia inhibi-
tion factor than BM-MSCs (Adolfsson et al., 2020). Similar
observations were made when donor-matched BM-MSCs
and AD-MSCs were expanded in vitro (Burrow et al., 2017;
Wu et al., 2018). BM-MSCs showed reduced proliferative
potential and longer population doubling times at late pas-
sages compared with AD-MSCs. Moreover, senescence-
associated markers that are characteristic of in vitro aging,
such as shortened telomeres and increased pl16™<*A
expression, were more apparent in BM-MSCs in compari-
son to AD-MSCs.

Inflammaging of hMSCs

The aging of MSCs is evidently closely related to their sur-
rounding niche as well as age-associated systemic features.
While aged hMSCs exert pro-inflammatory effects, sys-
temic age-related chronic inflammation could, in turn,
drive cellular aging of hMSCs. This leads to the formation
of a self-perpetuating, degradative positive feedback loop
that is detrimental to cell function and underpins the in-
flammaging phenomenon (Franceschi et al., 2000).
Chronic undissolved inflammation is often associated
with elevated ROS accumulation (Lasry and Ben-Neriah,
2015), which can cause the chemical transformation of
proteins, lipids, DNA, and even carbohydrates, as discussed
earlier. These irreversible changes induce genome insta-
bility and inevitably lead to cellular senescence.

Direct evidence highlighting the effects of inflammation
in driving MSC aging is limited. In this regard, studies
comparing MSCs from healthy individuals and patients
suffering from chronic inflammation provide important
insights. For example, a study from 2008 compared BM-
MSC:s isolated from 26 patients with rtheumatoid arthritis
(RA) with those isolated from 21 age-matched and sex-
matched healthy control individuals (Kastrinaki et al.,
2008). Cells from patients with RA, which were under con-
stant inflammatory stress, showed significant indicators of
premature senescence, with impaired clonogenicity,

Stem Cell Reports | Vol. 16 | 694-707 | April 13,2021 699

'O‘
©



;0‘
(&

Pro-inflammatory Anti-inflammatory

Pro-inflammatory Anti-inflammatory

Stem Cell Reports

Review

Figure 4. The Opposing Effects of Inflam-

cytokines cytokines cytokines cytokines mation on the Immunomodulatory Func-
] -1, tion of hMSCS. ' o
lL-6, TGF-, IL-6, — MSCs can be induced to acquire d1'stmct
TNFc; Ii=18 TNFa, IL-10’ phenopres (MSC2 anq MSC1) qependmg on
IFN—v' IFN-y stimuli presented in an inflammatory

>
MSC l l

N

microenvironment. In acute inflammation,
high concentrations of pro-inflammatory
cytokines (IL-1, IL-6, TNF-a, IFN-y) and low
levels of anti-inflammatory cytokines (TGF-
B, IL-10) trigger hMSCs to acquire immune-
suppressive features (MSC2). MSC2 cells
secrete high amounts of IDO and anti-in-

flammatory cytokines (TGF-B, IL-10) and
l inhibit the activity of macrophages, neu-

ol trophils, and lymphocytes. By contrast,

< ) O hMSCs acquire an immune-activation
7//A MSC2 MsSC1 A phenotype (MSC1) under chronic inflam-

: A A, matory conditions. Persistently low and

AT A AA A comparable levels of pro-inflammatory and

. anti-inflammatory cytokines in the micro-
High amount UGF-B, lymphocyte Low amount  TNFa, environment lead to the production of low
IDO IL-10 neutrophil IDO IFN-y levels of IDO and pro-inflammatory cyto-

‘ | ‘ kines (TNF-a, IFN-v), respectively. Howev-

{ @ er, the amount of IDO secreted by MSC1 cells

Immune Suppression Immune Activation is significantly lower in comparis.on to that
macrophage produced by MSC2 cells during acute

inflammation. At these reduced levels, IDO is inadequate in suppressing the activity of immune cells, and an overall pro-inflammatory state

persists in the microenvironment.

reduced proliferation, and telomere shortening. However,
there were no significant differences between the two
groups in the frequency, differentiation potential, and sur-
face-marker profiles of the BM-MSCs. In another study,
hMSCs isolated from patients with severe osteoarthritis
showed significant reductions in proliferative and differen-
tiation potential toward chondrocytes and adipocytes
(Murphy et al.,, 2002). It was also found that repeated
stimulation of dental-pulp-derived hMSCs induced an in-
flammatory response and triggered early onset of cellular
senescence (Feng et al., 2018). These findings collectively
indicate that an inflammatory microenvironment is delete-
rious for the lifespan of hMSCs and may induce premature
cellular aging.

The idea that an inflammatory microenvironment can
trigger hMSC senescence and diminish the therapeutic po-
tential of these cells might seem contradictory to the clin-
ically beneficial immunosuppressive function of hMSCs
primed with pro-inflammatory signals. Notably, the
opposing effects of inflammation on hMSC immunomod-
ulatory responses are partly dictated by the level and status
of inflammation. As shown in Figure 4, high levels of acute
pro-inflammatory signals trigger MSCs to acquire an
immunosuppressive phenotype, which has been assigned
an “MSC2” classification following the nomenclature of
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macrophages (Waterman et al., 2010). These MSC2 cells
are characterized by an ability to dampen immune cell ac-
tivity via high IDO and anti-inflammatory cytokine pro-
duction. IDO is an enzyme that catalyzes the breakdown
of tryptophan to kynurenine. Increase in IDO expression
leads to the accumulation of cytotoxic kynurenine, which
inactivates immune cells and leads to a suppression in im-
mune responses. By contrast, MSCs tend to develop im-
mune-activating features under chronic inflammatory con-
ditions, characteristic of an “MSC1” classification
(Waterman et al.,, 2010). Unlike acute inflammation,
chronicinflammation harbors persistently low and compa-
rable levels of both pro- and anti-inflammatory cytokines,
which may each go on to influence MSC behavior (Fig-
ure 4). Whereas a basal level of pro-inflammatory cytokines
in the microenvironment triggers IDO production by
MSC1 cells, albeit at low amounts, anti-inflammatory cyto-
kines induce moderate pro-inflammatory cytokine secre-
tion via the NF-«B signaling cascade and also function to
suppress IDO production (Xu et al., 2014). The pro-inflam-
matory cytokines produced by the MSCs may act in an
autocrine manner to further reinforce restricted IDO secre-
tion. Overall, a secretory combination comprising low
levels of IDO and a barrage of pro-inflammatory cytokines
is inadequate to mount an immunosuppressive response
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from MSCI1 cells. Unrestricted immune cell activation en-
sues instead, thereby exacerbating the inflammatory
microenvironment. These mechanisms were confirmed
by titration studies of IFN-y and TNF-o on the immunosup-
pressive function of MSCs from mice, rats, and humans (Li
et al., 2012; Renner et al., 2009).

Apart from pro- or anti-inflammatory stimuli, a transition
of MSCs to MSC2 or MSC1 types may be induced by exoge-
nous factors, regardless of which Toll-like receptor (TLR)
agonist engagement has emerged to be essential. Short-
term exposure to low levels of lipopolysaccharide (LPS), a
TLR4 ligand, is capable of polarizing BM-MSCs toward the
MSC1 phenotype. LPS priming has been observed to trigger
secretion of primarily pro-inflammatory cytokines, such as
IL-1B, IL-6, IL-8, IFN-y, and TNF-a, by hMSCs (Tomchuck
et al., 2008) and permit T cell activation (Raicevic et al.,
2010). In another study, TLR stimulation in murine MSCs
was found to result in the production of similar pro-inflam-
matory cytokines, and injecting these cells into mice led to
the formation of an inflammatory site (Romieu-Mourez
etal., 2009). By contrast, exposure to polyinosinic:polycyti-
dylic acid, a TLR3 ligand, primed the cells toward the MSC2
phenotype (Waterman et al., 2010). These hMSCs primarily
produced anti-inflammatory mediators, such as C-C motif
chemokine ligands 10 and 5 (CCL10 and CCLS, respec-
tively), and readily suppressed T cell activation in vitro.

Implications for Cell Therapy
The therapeutic application of hMSCs involves lengthy
ex vivo expansion so as to obtain sufficient cell numbers
prior to clinical administration. However, this process has
been observed to induce the acquisition of premature senes-
cence, which adversely affects the quality of hMSCs and di-
minishes their efficacy. To address this problem, clinical
studies limit the passaging number of hMSCs to not more
than four passages (Dominici et al., 2006). Although this
limit reduces the risk of cell alterations and maintains effi-
cacy for in vivo applications, it requires large quantities of
highly purified hMSCs from the patient at the outset, which
is a significant challenge in current cell therapy regimens.
Furthermore, functional heterogeneity invariably arises
during hMSC culture expansion and presents a major
bottleneck in the cell therapy workflow (Phinney, 2012;
Whitfield et al., 2013). Therefore, comprehensive and reli-
able cell characterization methods are required to determine
putative in vitro aging-associated changes in the inflamma-
tory profiles and immunomodulatory potential of hMSCs.
Although secretome profiling may be used to investigate
the presence of pro- and anti-inflammatory cytokines and
evaluate the inflammatory status of MSCs, there is still no
straightforward way to predict the immunomodulatory ca-
pacity of MSCs based on these observations. A more direct
approach to address this would be to study the ability of

hMSC:s to inhibit T cell proliferation in co-culture experi-
ments. Alternatively, some companies that manufacture
MSC:s for research application have adopted IDO expres-
sion as a quality control indicator of the immunomodula-
tory capacity of the cells. Nonetheless, more robust and
rigorous methods to predict the immunomodulatory
behavior of hMSCs upon in vivo transplantation are in de-
mand. Recently, Klinker and colleagues developed an
in vitro assay that uses principal component analysis to
incorporate multiple flow cytometry data into a single
quantitative value that can be utilized to assess the overall
immunosuppressive capacity of hMSCs (Klinker et al.,
2017). The principal component was constructed using
16 activation variables and negative controls, and the anal-
ysis was enhanced by incorporating quantitative assess-
ment of morphological changes. The model successfully
predicted dose-dependent T cell suppression by IFN-y
from 12 different donor-derived hMSC lines for both early
and late passages (Klinker et al., 2017). This study repre-
sents a step toward establishing technology suitable for
the standard assessment of the immune-regulatory capac-
ity of hMSCs.

Apart from profiling and characterization approaches, ef-
forts need to be invested in understanding and modulating
the cross talk between hMSC aging mechanisms and in-
flammatory mediators in the microenvironment. Because
aged MSCs are associated with poor therapeutic outcomes,
methods of delaying hMSC aging, or modulating their ca-
pacity to regulate inflammation, are of interest. Some of
the current strategies for addressing these problems are dis-
cussed below (Figure 5).

Targeting Senescent Cells

Senescent hMSCs from elderly donors not only lose their
potential for self-renewal and differentiation, but also
secrete paracrine signals that suppress any “youthful” cells
in the heterogeneous population. Isolating youthful cells
from elderly donors (ages 60-99 years) and expanding
them in media containing supernatant from hMSCs of
young donors (<23 years) improved their capacity for self-
renewal and differentiation (Block et al., 2017). In contrast,
non-isolated parent cells showed little or no stem cell
properties.

As discussed earlier, senescent cells can spread the senes-
cence phenotype to neighboring cells via their SASP and
accelerate the aging process at the tissue, and even sys-
temic, level. Therefore, the selective elimination of senes-
cent cells could potentially rejuvenate tissue stem cells.
One group has identified a small chemical inhibitor
(ABT263) that specifically inhibits the activity of B cell lym-
phoma (Bcl)-2 and Bcl-xL, and selectively Kkills senescent
cells in culture. In mice, this drug successfully depleted se-
nescent stem cells and rejuvenated stem cells with radia-
tion-induced premature aging (Chang et al, 2016).
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Figure 5. Strategies to Target the Interplay between hMSC Aging and Environmental Inflammation for Improved Therapeutic

Potential

hMSC senescence can occur as a result of natural aging or be induced by external stressors, such as ROS and cytotoxic chemicals. Moreover,
SASP from senescent cells causes chronic, low-level inflammatory stress. This process drives the self-perpetuating cycle of inflammaging,
where inflammation induces cellular senescence and senescent cells in turn exacerbate pro-inflammatory features of the microenviron-
ment. Strategies to dampen inflammatory signals could potentially slow down the inflammaging process. In addition, targeted removal of
senescent cells from an hMSC population could be an approach to maintaining cells in a rejuvenated state.

Another emerging senolytic strategy utilizes the Forkhead
box protein O4 (FOX04), an important molecule in senes-
cent cell viability. Senescence-specific cell death was
induced using a peptide that blocks the binding between
FOXO4 and p53. The peptide was also shown to restore
youthful phenotypes in aged mice (Baar et al., 2017).
Targeting Pro-Inflammatory NF-kB Pathways

Many of the SASP factors from aged hMSCs, including
MCP1, MCP4, MIP3a, IL-6, and IL-8, are upregulated at
the transcription level by NF-kB, with detectable mRNA
abundance (Coppe et al., 2008). The TLR-mediated pro-in-
flammatory response also functions via the NF-«B pathway.
Treatment of hMSCs with microparticles loaded with
TPCA-1, a small-molecule inhibitor of NF-«B, significantly
reduced pro-inflammatory cytokine secretion by these cells.
Conditioned medium derived from hMSCs treated with
TPCA-1 showed enhanced immunosuppression on mono-
cytes (Ranganath et al., 2016). Inhibition of the inhibitor
of NF-kB kinase (IKK) has been shown to restore osteogenic
differentiation in mouse MSCs treated with TNF-a and IL-
17 in vitro. IKK inhibition also improved bone regeneration
and repair in a rat model of chronic inflammatory disease
(Chang et al., 2013). These results suggest that inhibiting
NF-«B signaling reduces the inflammatory response and
can restore the therapeutic potential of hMSCs.
Three-Dimensional Culture of MSCs

Aggregation of MSCs into compact three-dimensional
(3D) spheroids is widely established to enhance the
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functionality of the cells (Jaukovic et al., 2020). Reduced
oxygen pressure inside the core of the spheroid increases
the expression of hypoxia-induced factor, which promotes
cell survival by upregulating FGF, VEGE, and HGF expres-
sion levels (Bhang et al., 2011). Spheroid formation also
enhances the secretion of anti-oxidative, anti-apoptotic,
and anti-inflammatory factors (Bartosh et al., 2010; Xu
et al., 2016), indicating that 3D culture systems can poten-
tiate MSC proliferation and immunomodulatory proper-
ties. In another study, MSCs were initially expanded in
monolayers (Bartosh and Ylostalo, 2019). At both early
and late passages, these cells were either re-seeded in
spheroid conditions or maintained in monolayer condi-
tions. MSCs re-seeded in spheroid cultures showed better
immunomodulatory potential than those maintained in
monolayer for all passages, characterized by an increased
production of PGE2 and TSG-6 and decreased secretion
of TNF-a. Notably, such a difference in cytokine produc-
tion between MSCs re-seeded in spheroid cultures and
their monolayer counterparts was greater at late passages.
This indicates that re-seeding MSCs into spheroids can
potentially rescue their immunomodulatory properties,
which may otherwise be compromised by serial passaging
in monolayer.

Three-Dimensional Culture of MSCs with Biomaterials
Biomaterials can stabilize and protect biological substances
such as growth factors, shield them from enzymatic degra-
dation and immune recognition, and orchestrate cell-cell
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interactions by binding and releasing signaling proteins.
Therefore, the clinical use of biomaterials to provide extra-
cellular support for cell culture is becoming increasingly
common. Biomaterials could potentially protect hMSCs
from senescence and enhance their stemness by shielding
them from inflammatory cell attack, reducing matrix stiff-
ness, and decreasing oxidative and inflammatory stress by
scavenging free radicals (Lin et al, 2019). Studies
leveraging these potential advantages are discussed below.

Hydrogels made from polyacrylamide, alginate, polyeth-
ylene glycol (PEG), or collagen are some of the most popu-
lar biomaterials used in hMSC studies. Their reduced
stiffness compared with plastic culture dishes helps to
reduce the cytoskeletal tension within cells (Hiew et al.,
2018; Mooney and Vandenburgh, 2008). In addition, the
physical properties and microarchitecture of hydrogels
are important for maintaining desirable cellular character-
istics such as proliferation and differentiation potential of
dental-derived hMSCs (Hiew et al., 2018). The porosity
and elasticity of hydrogels have been found to regulate
the in vivo permeation of pro-inflammatory cytokines,
affecting the viability and osteogenic potential of encapsu-
lated hMSCs (Ansari et al., 2017; Moshaverinia et al., 2015).

Biomaterials can be tailored to have moderate cell repel-
lency, to reduce cell-matrix binding, and to free surface in-
tegrins and receptors to engage in cell-cell interactions and
promote stemness. For example, Arg-Gly-Asp (RGD) re-
peats are commonly used in tissue regeneration to enhance
cell attachment to the substrate. Reducing the RGD density
of a poly(carboxybetaine) hydrogel reduced the number of
cells bound to the hydrogel, increased cell-cell interactions,
and enhanced the stemness of liver stem cells (Cozzolino
etal., 2016). In addition, changing the molar ratio or chain
length of PEG alters the cell-binding properties of PEG-
poly(e-caprolactone) block copolymers. As a result, this
biomaterial can promote the aggregation of cells with
enhanced stemness and reduced oxidative stress, as shown
using both commercial and patient-derived hMSCs (Bali-
kovetal., 2017). Biomaterials can also be coated onto tissue
culture plates. For instance, coating a culture plate surface
with poly-L-lysine improved proliferation and significantly
reduced replicative senescence of hMSCs (Heo et al., 2016).
Moreover, chitosan, a widely used polysaccharide, has also
been observed to enhance cellular interactions among AD-
hMSCs, improving their in vitro expansion, colony forma-
tion, and multipotency (Taguchi et al., 2018).

Conclusion

Research has clearly shown that hMSCs undergo a multi-
tude of changes during in vitro expansion, including an
alteration from anti-inflammatory to pro-inflammatory
status. We have discussed possible mechanisms governing
this shift during in vitro aging and their implications on the

quality of culture-expanded hMSCs intended for clinical
use. This highlights the importance of conducting more
rigorous molecular characterization of hMSCs that in-
cludes profiling their inflammatory status during culture
expansion. Further studies are also required to better
understand molecular networks and feedback loops medi-
ating the interplay between hMSC aging, their immuno-
modulatory properties, and their inflammatory signatures
in vitro. As our knowledge in this area grows, we can design
novel technologies and strategies to optimize hMSC-based
therapies by exploring methods to modulate their inflam-
matory status.
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