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Mesenchymal stem cells (MSC) are adult multi-potent cells that can be isolated from many types of tissues including adipose tissue,
bone marrow, and umbilical cord. They show great potential for cell therapy-based treatments, which is why they are being used in
numerous clinical trials for a wide range of diseases. However, the success of placebo-controlled clinical trials has been limited, so
new ways of improving the therapeutic effects of MSC are being developed, such as their assembly in a 3D conformation. In this
meta-analysis, we review aggregate formation, in vitro functional properties and in vivo therapeutic potential displayed by
adipose tissue, bone marrow, and umbilical cord-derived MSC, assembled as spheroids. The databases PubMed and SciELO
were used to find eligible articles, using free-words and MeSH terms related to the subject, finding 28 published articles meeting
all inclusion and exclusion criteria. Of the articles selected 15 corresponded to studies using MSC derived from bone marrow, 10
from adipose tissue and 3 from umbilical cord blood or tissue. The MSC spheroids properties analyzed that displayed
enhancement in comparison with monolayer 2D culture, are stemness, angiogenesis, differentiation potential, cytokine secretion,
paracrine and immunomodulatory effects. Overall studies reveal that the application of MSC spheroids in vivo enhanced
therapeutic effects. For instance, research exhibited reduced inflammation, faster wound healing, and closure, functional
recovery and tissue repair due to immunomodulatory effects, better MSC engraftment in damaged tissue, higher MSC survival
and less apoptosis at the injury. Still, further research and clinical studies with controlled and consistent results are needed to
see the real therapeutic efficacy of MSC spheroids.

1. Introduction

Mesenchymal stem cells (MSC) are plastic adherent, fibro-
blast-like, non-hematopoietic progenitor cells isolated from
a variety of adult tissues. MSC have self-renewal capabilities,
and they can differentiate into several tissue-specific lineages
including osteoblasts, chondrocytes, adipocytes, hepatocytes
and cardiomyocytes among others [1, 2]. MSC can be
harvested from several tissues, including bone-marrow
(BM-MSCQ), adipose tissue (AT-MSC), umbilical cord (UC-
MSC), Wharton’s jelly (WJ-MSC), gingiva (G-MSC) and car-
tilage tissue (C-MSC), among others [3, 4]. The International

Society for Cellular Therapy (ISCT) establishes three key fea-
tures to identify MSC: First, mesenchymal stem cells must
display adherence to plastic when cultured under standard
conditions. Second, MSC population must express CD105,
CD73 and CD90 (=95%) and not express CD45, CD34,
HLA-DR, CD14 or CD11b, CD79a or CD19 (<2%). Third,
MSC cultured in vitro must show osteogenic, adipogenic
and chondrogenic differentiation [5]. Besides their ability
for multipotent differentiation, MSC are mainly considered
as immune evasive cells and they secrete many key trophic
factors contributing to tissue repair and regeneration [6-8].
Therefore, MSC appear to be an appealing alternative of
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treatment in regenerative medicine because it is possible to
administrate allogenic populations of these cells or more
differentiated lineages [9]. Based on MSC capacity to differ-
entiate and mature into specific phenotypes, their immuno-
modulatory properties, and their distinct migratory and
potent trophic effects during tissue regeneration, the poten-
tial for clinical applications is remarkable [10, 11].

At the time of writing this review, there are currently 874
clinical studies reported using MSC to treat different diseases
(www.clinicaltrials.gov). However, the beneficial effects of
MSC based therapies in small clinical studies are often not
substantiated by large randomized double blind, placebo-
controlled clinical trials [12, 13]. Several clinical studies,
unable to meet the clinical goal, suggest that after prolonged
ex vivo expansion of BM-MSC, their immune-suppressive
properties change and display deficient survival rate post-
transplantation [14, 15]. This implies that it is necessary to
comprehend the regenerative and immunomodulatory
mechanisms by which MSC exert their action. New ways of
enhancing the functional properties of MSC are also needed,
which until now have only been cultivated in monolayer 2D
culture for clinical applications. Although a simple proce-
dure, some in vivo essential qualities and traits are compro-
mised or lost.

Therefore, 3D cell culture emerges as a new therapeutic
alternative, offering better preservation of those features, as
allowing a better mimicking of in vivo conditions, particu-
larly cells self-assembling, as observed during embryonic
development, thus increasing cells interactions [16, 17]. To
promote this interaction, several spheroid formation tech-
niques have been developed. Contrary to monolayer culture,
three-dimensional culture of MSC as spheroids causes con-
siderable changes in the gene expression pattern [18, 19].
Diverse studies propose that the functionality of stem cells
can be improved and unsuitable migration of cells, after
injection in the target tissue, can be avoided, by aggregate for-
mation [20-22]. However, the exact mechanism involved in
3D conformation is still unknown, although several signal-
ling pathways have been proposed [23-28]. For example, it
has been described that decreased expression of transcrip-
tional co-activators yes-associated protein/transcriptional
co-activator with PDZ-binding motif (YAP/TAZ) in MSC
cultured in 3D conformation, was associated with a loss of
the actin cytoskeleton [27, 28]. In other study, Zhang et al,,
showed an increase in the expression of hypoxia-inducible
factor (HIF)-1 and -2a in MSC spheroids which was related
to increased resistance to apoptosis triggered by oxidative
stress [23]. This meta-analysis was conducted to review
spheroid formation, in vitro functional properties and
in vivo therapeutic potential displayed by adipose tissue,
bone marrow, and umbilical cord-derived MSC, assembled
as spheroids.

2. Materials and Methods

2.1. Search Strategy. The following databases, PubMed and
SciELO, were searched for eligible published articles until
May 2019, using specific free-words and MeSH terms. Differ-
ent combination of the following terms were used: type of
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cell: mesenchymal, stromal, stem cell, pluripotent, multipo-
tent; cell organization: 3D, spheroid, cluster, organoid,
aggregates; application: cell therapy, tissue regeneration,
treatment, therapy, functional recovery; pathologies: skeletal
muscle, muscle cartilage, tendon or joint pathologies; osteo-
arthritis, chronic injuries, immune diseases, neurodegener-
ative diseases, neurological pathology, bone pathology;
culture conditions: hypoxia, low oxygen, xeno-free, serum-
free, animal-free; properties: secretome, exosome, vesicles,
immunoregulatory. Of the results obtained only articles pub-
lished in English were included and, articles related to cancer
and published earlier than 2008 were excluded. Other poten-
tial articles were identified from references within the
selected articles or reviews related to the topic.

2.2. Selection Criteria. Inclusion criteria are listed as: a)
Human MSC; b) source of MSC either bone marrow, adipose
tissue or umbilical cord; c) studies focused on cell therapy
and regenerative medicine. Exclusion criteria are listed as a)
article does not meet inclusion criteria; b) reviews and case
reports; ¢) work focused on application and/or use of MSC
spheroids in bioengineering.

2.3. Data Extraction. The data extracted from included
articles consisted of: authors, year, country, title, MSC tissue
source, cell aggregation protocol, culture conditions, spher-
oid measurements, functional properties in vitro, altered
markers for said properties, therapeutic effects in vivo and
study model used.

2.4. Limitations. Only articles published in English were
included, which may leave out other eligible publications that
were reported in other languages. Therefore, the results
should be interpreted cautiously due to the limited data.

3. Results and Discussion

3.1. Search Results. After a screening of 254 articles identified
by searching in PubMed (n=131) and SciELO (n =123) asso-
ciated with MSC in 3D conformation, only 71 articles were
assessed for eligibility according to the search strategy
described in materials & methods. Of these 71 articles, only
28 articles were incorporated in this meta-analysis according
to the inclusion criteria described in materials & methods
(human MSC, MSC harvested from bone marrow, adipose
tissue or umbilical cord, and studies focused on cell therapy
and regenerative medicine (Figure 1).

The list of the 28 articles chosen and their basic descrip-
tion (author(s), year, country, source of MSC, properties and
parameters evaluated, and ref number) is shown in Table 1.

It can be noted that the earliest work included in this
review is from May 2010 [29] and the latest being published
in April 2019 [30]. Most articles are published in 2017 (n =5),
succeeded by 2014, 2016 and 2018, each with 4 articles. The
most articles collected are from work conducted in the USA
with a total of 13 published articles comprising a 46.4% of
all articles included, followed by South Korea with a total of
5(17.9%) and China with 3 (10.7%) (Table 1). Of the 28 arti-
cles selected 15 corresponded to studies using MSC derived
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Articles screened (n = 254) )

Articles excluded (183)

!

Full text articles assessed

for eligibility (= 71) | =

l

Articles excluded (n = 43)

1. Non-human MSC (n = 8)

2. MSC source other than bone marrow,
adipose tissue, or umbilical cord (n = 21)
3. Topic focused on bioengineering
(n=14)

Articles included
in meta-analysis (1 = 28)

FIGURE 1: Meta-Analysis Study Selection.

from bone marrow, 10 from adipose tissue and 3 from umbil-
ical cord blood or tissue.

In all, the most evaluated characteristics of MSC spher-
oids are stemness, angiogenesis, differentiation, cytokine
secretion, paracrine effect, metabolic function, and immuno-
modulatory effects (Table 1).

3.2. Cell Aggregation Protocol. There are several methods and
techniques to form MSC spheroids, here we have found that
the most used procedure is the hanging drop method (n=13)
[19-21, 29, 31-39], followed by forced-aggregation (n=4)
[40-43], low attachment(n = 4) [44-47], spontaneous assem-
bly (n=4) [30, 48-50], then chitosan films (n=2) [18, 51],
and finally hyaluronic acid gel (n=1) [52] (Figure 2). The
hanging drop technique consists of plating the MSC suspen-
sion in droplets of determined volume on the lid of a culture
dish. The lid is turned over in a swift and careful move and
placed on top of the culture plate which is filled with a solu-
tion to avoid drop evaporation. The spheroid is formed in the
apex of the drop. This method can yield spheroids of con-
trolled sizes, determined by the number of cells in each drop
associated with the concentration of the cell suspension and
volume of droplet, and there is no need for specialized and
expensive equipment [32, 38]. Even though this technique
shows many advantages it still poses a problem for large scale
production of MSC spheroids for therapeutic applications
[53, 54]. Other of the techniques used for the formation of
MSC spheroids is the forced aggregation method which con-
sists in applied centrifugal forces to induce MSC in vitro
aggregation using micro-well plates in presence or not of bio-
materials [40, 42, 43]. On the other hand, it has been showed
that immunomodulatory activity of MSC does not seem to be
spontaneous but requires MSC to be ‘licensed’ by inflamma-
tory microenvironment to exert their effects [11, 55]. In this
line, Krampera and Ren demonstrated that MSC-mediated
immunosuppression requires preliminary activation of the
MSC by immune cells through the secretion of the pro-
inflammatory cytokine IFN-g, alone or together with TNF-
a, IL-1a or IL-1b [56, 57]. In this review, 4 of 28 articles
selected, use cytokine priming to improve the functional
properties of MSC (Figure 2) [29, 42-44].

3.3. Culture Conditions. For MSC spheroids to be eligible for
clinical applications they need to be xeno-free (not contain-

ing any animal-derived components). Serum containing
media can carry unexpected agents risking viral or myco-
plasma contamination [48]. Then, spheroid formation in
media without FBS (fetal bovine serum) is critical. In this
analysis, we identified that 8 of the 28 articles included, used
serum-free media in their cell aggregation protocols
(Figure 2). The importance of FBS is highly noted for cell
aggregation during spheroid formation, correlated with spher-
oids exhibiting faster assembly and more defined edges. Some
of the strategies used to substitute FBS include using chemi-
cally defined media, in which all components are known,
and composition can be controlled or supplementing media
with patient-derived serum or human serum albumin [39].

Also controlling the oxygen level during spheroid assem-
bly can have beneficial effects. Hypoxia as a priming method
of MSC aggregates was used in three articles [30, 33, 46]
(Figure 2). Some research has pointed out that hypoxic con-
ditions during cell aggregation can improve MSC properties.
For example, the enhancement of the paracrine effect due to
higher levels of IL-6, IL-8, and MCP-1 [46]. From a physio-
logical point of view, MSC cultured under hypoxic condi-
tions can better prepare cells for an ischemic environment
typical of damaged tissue.

3.4. Spheroid Diameter. Surprisingly, there does not seem to
be homogeneity of spheroid size, 6 articles show a similar
diameter range of 200-500 ym, 4 articles a diameter range
between 100-200 ym, 3 a diameter between 0-50 ym, 1 has
spheroids with diameter between 50-100 ym and finally 1
article with spheroid diameter> 500 ym (Figure 2). Another
measurement used to describe spheroid size is the number
of cells within spheroids, and 5 articles displayed spheroids
with 10,000-25,000 cells/spheroids, 3 with 200-1,000 cells/
spheroids and 1 with cell concentration greater than
>25,000 cells/spheroids (Figure 2). This is the initial number
of cells at the beginning of the aggregation process. Some
articles (n =4) made no mention of MSC spheroid diameter
or size (Figure 2). Spheroid size is important because the
diameter can determine nutrient and oxygen availability, as
well as mechanical forces created by the cell-to-cell contacts
between MSC, modulating gene expression [58].

3.5. In Vitro Properties of MSC Spheroids. Different
approaches used to assess the functional properties of MSC
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Bone marrow Adipose tissue Umbilical cord
53.6% 35.7% 10.7% Total
(n=15) (n=10) (n=3) (n=28)
Total

Hanging drop:10 (19, 20, 21, 31, 32,
34, 35, 36, 38, 39)

Forced aggregation: 3 (40, 42, 43)
Low attachment : 1 (44)
Spontaneous assembly: 1 (48)

Hanging drop: 13
Forced aggregation: 4
Low attachment: 4
Spontaneous assembly: 4
Chitosan films: 2
Hyaluronic acid gel: 1

Hanging drop: 2 (29, 37)

Low attachment: 3 (45, 46, 47)
Spontaneous assembly: 2 (30, 49)
Chitosan films: 2 (18, 51)
Hyaluronic acid gel: 1 (52)

Hanging drop: 1 (33)
Forced aggregation: 1 (41)
Spontaneous assembly: 1 (50)

protocol
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Media with FBS: 20
Serum-free media: 8
Cytokine priming: 4
Normoxia: 25
Hypoxia: 3

Media with FBS: 2 (33, 41)
Serum-free media: 1 (50)
Normoxia: 2 (50, 41)
Hypoxia: 1 (33)

Media with FBS: 10 ((19, 20, 21, 31,
32, 34, 35, 40, 43, 44) 46,47, 51, 52)

Serum-free media: 5 (36, 38, 39, 43, Serum-free media: 2 (29, 49)

48) Cytokine priming: 1 (29)
Cytokine priming: 3 (19, 42, 44) Normoxia: 8 (18, 29, 37, 45, 47, 49,
Normoxia: 15 (19, 20, 21, 31, 32, 34, 51, 52)

35, 36, 38, 39, 40, 42, 43, 44, 48) Hypoxia: 2 (30, 46)

Media with FBS: 8 (18, 30, 37, 45,

Conditions

Diameter range:
e 0-50 ym:3

200-1,000 cells/sph: 3

44) )
525,000 cells/sph: 1 (20) N/A:2 (18, 35)

Diameter range: Diameter range: Diameter range: 50-100 pm: 1
- = o 100-200 ym: 1 (34) o 0-50 ym: 2 (45, 52) + 0-50 pum: 1 (50) . 100_200{4 m 4
=R | . 200-500 m: 5 (21,32,36,35,39) | | 4 100-200 sam: 3 (29, 30, 51) « 50-100 pm: 1 (41) 00500 e
E g 200-1,000 cells/sph: 3 (40, 42, 43) Diameter > 500 ym: 1 (47) e 200-500 ym: 1 (33) Diameter > 5((;0 'm. 1
) § 10,000-25,000 cells/sph: 3 (19, 31, 10,000-25,000 cells/sph: 2 (46, 37) pr:
g

10,000-25,000 cells/sph: 5
>25,000 cells/sph: 1

N/A:2 (37, 38)

N/A: 4

FiGure 2: Cell aggregation protocols, culture conditions, and spheroid diameter for selected articles by source of MSC. Article reference

number in parenthesis.

can be identified from the selected works. These traits can be
studied by variations in gene expression, protein secretion,
surface marker expression, culture, and differential staining.
Stemness is usually evaluated by the expression of transcrip-
tion factors Nanog, Oct-3/4, Sox-2, Klf4, c-Myc, and STAT3,
but also the expression of surface markers like CD105,
CD90, CD73, and CD34 among others [16, 18, 50]. The
effect of MSC over angiogenesis, the development of new
vessels, is assessed mainly by the expression of the factors
VEGF and HGF, among others (Table 2). Differentiation
potential to several types of tissue is also studied as a charac-
teristic trait of MSC, generally by different staining tech-
niques like Alizarin Red, Alcian Blue, and Oil Red O
staining, to determine osteogenic, chondrogenic and adipo-
genic differentiation, respectively. Cytokines and soluble
factors secreted by MSC has been attributed to great thera-
peutic effects. Among the cytokines analyzed are growth fac-
tors, chemokines, interleukins, and more (Tables 1 and 2).
There is also evidence of the paracrine anti-cancer, anti-
apoptotic and resistance to oxidative stress of MSC
(Tables 1 and 2). There seems to be a great focus on immu-
nomodulatory effects of MSC, so the expression of TSG-6,

PGE2, LIF, IDO, STC1, IL-6, IL-8 and more, is normally
evaluated, as well as the capacity of MSC to decrease levels
of TNF- « (Table 2).

3.6. In Vivo Therapeutic Effects of MSC Spheroids. Of the total
pool of articles reviewed, only 13 assessed the therapeutic
effects of MSC spheroids in vivo (Table 3), 2 articles used
BM-MSC, 8 articles used AT-MSC and 3 articles used UC-
MSC. Several study models are used to investigate in vivo
effects, such as wound healing or pro-inflammatory disease
models, but mostly ischemia animal models are used
(Table 3). In vivo studies include spheroid transplantation
or application of conditioned media derived from spheroid
culture, into the target tissue. Overall studies reveal that the
application of MSC spheroids in vivo has enhanced thera-
peutic effects compared to monolayer 2D culture. Studies
showed better outcomes for MSC in 3D conformation
including reduced inflammation, faster wound healing and
closure, functional recovery and tissue repair due to immu-
nomodulatory effects, better MSC engraftment in damaged
tissue, higher MSC survival and less apoptosis at injury
(Table 3).



Stem Cells International

“(S[[P2 deDN'T) Y3moid [[20 1aoued ayeysoxd paonpay ‘sayhoouayds pajemnuns-¢qD
£q uononpoid S-NI] paseardd(q ‘saSeydoroewr pajemuns-§JT Aq UOIRINAS OT-T]
paseaIdur pue AN, PAsedrdd “F2-11 PUt TVILL 9-DS.L ‘THO Jo uonemsardn
*(ST[22 deDN'T) yamois ([0 120ued ajeysoxd paonpar ‘(Wnrpauwr pauonIpuod-prorayds) 1999 OIJIA UL IDOUEI-TJUE
"~ INLL, JO S[2A3] JaMO[ pue $Z-T[ “TIVY.L ‘9-DSI. ‘TIDd Jo uorssardxa 1oySipy YSTE (T SNSI2A (J€) SI[NO[OUW PIJe[ar I90UeD -[jue pue AI0)e[NPOUOUNTITIT
"uonRIN3s 9-HG [, pue 7gNJ YSry seSeydoroewr pajemuins-g4T £4q UonaIss 1] J0 uorssaxdxa auad yS1y “(WnIpaw pauonIpuOd) 192 AIojewItIejUI-HjuE
pasea1dur pue vIN], PISea1d(] "dZIS [[20 [[ews pue PRIA [[2o “Aypiqera (90 ySty  yS1H 'VSH PIM pajuswa[ddns winpaw 9215-0UdX UT SOT)SLID)OBIRYD PadueyUy

*(WNIPaur PAUOHIPUOD) JO33 ISOUEI-[JUE PUE AIOJEUIUR[JUI-T}UR
YSIH "samoajowr 1eoued-JUE pUE AI0JRUIWRUI-JUE JO UoTssaxdxa ySIH

*10)da0ar1 yqq
£q pajerpawr pue z-XOD Jo Juapuadap ‘7IDHJ JO U0NI0as YT "TONRIAS BITT]

pue Q[-]] paseamdur pue ¢z-11 0Fde Il 9-T1 ‘TIOXD “B-INLL JO Paseardaq
‘sadeydoroewu pajenuns-§T Ul UONAINS B-IN I, Jo uotssaxddns aAnoayq

"dSD-D pue 6TOXD/OIN ‘8-TI ‘61-T1I ‘9-1I ‘€TTOD ®-ANL ‘TTTOD (e snszaa gg) Surwnid 1] 1o)ye
TTDXD-B-0ID) ‘CdDIN/LDD ‘Q-ANLL ‘ASDIN Jo uorssardxa 1aydipy s[ao [erjomrw  9[goxd sunurwr jusjoq “Surwrrd 1] 1935 sproroyds WoIy WNIPIW PaUOHIPUOD
AL PareaI) ST UI UOTJAI3S B-IN], PISEII09(] "BIPAW PauoOnIpUuod Iy Ul Jo 303 Aroyempowounwwt ySrg] “Surwd 7] 1938 uona109s aunjolkd ySiy (e
dSD-D pue 9-TJ JO WON2I23s IYSIH "IDTA PUe eI [-TI ‘ISD-D JO U0N2I03s 1YSIH  SnsIoA (T¢) SaUD[034o A1ojeurureyurold yym Surwtid 19)e wopeIdes aunyolkd ySIH

“fy1anoe A1ojewrwueur-njue YSIH (g SNSIA (¢) WNIpaur
pauonIpuod o 30ah9 aarssarddnsounurwur YSIE] *((I7 SNSISA WNIPIW PIUOHIPUOD
113U} pue S[[od paALdp-prosayds ‘prosoyds) 10ape Aroyempowounwwt ySiy

“fyoedes uoneryuaraprp oruafoayso 1aySig “sysodop (qz snsIdA (€)
UOT}edYIO[I-0IDTW ‘XLIJBUI JR[N[[20-BIJXd PIZI[EISUIW PUE SNOIQY JO DUISAIJ UOT)EUIYIP ISB[q03)s0 paoueyuy “uonisodap wmmpes/snourSemied ySig
‘sproxoyds 1o8xe[ ur uononpoid swosoxd ur A>usniys 1ySIH *((IT SNSIAA (J§) UOTIIIAS SUWIO0JIINAS PIOUBYUY
‘Tenuajod sarssarddnsounurwr pue "DSIN ¢ jo sanzadoxd sy surejar DS P2I2A002I-SUOTIPUOD JUIIqUIY
uonenuaryp @dijousydounwr ‘uorssardxs JusS Ie[IUIIG ‘[EAIAINS PIOULYUD "DSIAL P2I2A0D2I-SUOTIPUOD JUIIqUIL UT UOTeIdfI[oId pue WIS[OQeIoW [[9 MO
37} 0 $9J[1100 UOTIeIJI[0Id PUE WS[[OQRIAW [[90 I9OMOT TeAIAINS DSIN IOYSIH (17 SNSIdA (T€ “DSIA-PAALIZP DSHY) SUOHIPUOD JUIIQUIE JOPUIN [BATAINS PIdURYUF
‘Tenuajod osruaSordueoad 1oy (e sns1va (¢ paremsdeous-sjeurde) reruajod orusdorue

‘spro1ayds pajernsdeous-uou pue pajemsdesus ur 9-HgJ, jo uoissardxs 1oySiy  padsueyuy Tenusod L1ojenpouwrounwu padueyuy ‘(¢ Sns1oA (¢ parensdeoud
‘spro1oyds parensdeous-ajeurdye jo souasaid ay) ut sysejqoiqy jo uonerdiwr oySIy  -9)euid[e ‘(¢) WNIPaW PauonIpuod Aq paonput [enuajod o110eJOWaYd Paseasou]

TAOS PUB 9dIVANL ‘TXOD/TSOLA AIT §T1 ‘d1TI Juaunean g1l
TdING Jo uorssaxdxa 1oySIH £ TDD PUe 710D ‘TIDXD ‘TIDXD TAOS ‘OdIVANL I2Je s101oe] yimoId pue L1oje[npowrountwl jo uorssardxo suag ySryy -jusunjean
TXOD/TSOI ‘811 “d17TI Jo uorssa1dxa 1omoT 9JING TIING LTDD PUB 7IDD  TdING I93je s1010e] A10)e[NPOWOUNUIT JO UOTSSAIdXD Paseardd *((g SnsIoa ()
TIOXD ‘TIDXD ‘TAOS ‘9dIVANL ‘TXOD/ZSOLA ‘811 ‘41711 Jo uorssaxdxa 1oySify  s10308] yimoid pue sruadorSue Qunwuwl Jo sjoAd] urejoxd pue uorssardxe suad Y3y
‘saxmnod doxp-3uruey Sursn woreurtoy sproroyds DSIA JULIIPT ‘prozayds DSIA Jo uoneredaid 10y 10503014
‘uoneande Jurpeudts 1] Joyye 10970 Arojewrtueyul-nue Y (de
sns1oa (¢) Sureudis 171 Juspuadop-asedses Jo uoneanoy ‘sanosjow Jurpeudis
[OJOU SE [[oM Se [[ pue s103oej LI0jewrtejur-13ue jo uorssaxdxs suad ySry
"2SNOWI € UI DSIAl JULIdYpe Jo uonda(ur d'1 1o3ye saImnioniys aI[-210yds wioy DS

‘sadeydoroewr pajenuis §4T UO J09p9 A10je[NpOWOUNWWI pue 70 J JO UOHIIIIS
IoyS1H "qTII “eITI JO UONRIOS JOYSIE] "SI[NO[OW Paje[d Ydjou pue [] pue 1D IS
TX00 9-DS1.jo uonemsar-dn “[DLS PUB 9DST, TXOD JO uolssa1dxa auaf ysiy

‘sadeydoroewr £q uonoIdas ‘(g sns1da (1¢) Aesse sunwwn dFeydooewr asnoW © UT 10919 AI0JeWWejur
e-INLT, Jo uoniqryur 1oySry Tenjusjod uwonenuarayip pue ad£jousydounuuur -nue Y81y DSV ¢ Jo sentadoid oy surejar sprotoyds wolj paALIap DSIA
‘wonyerdfrjord Teqruurs TIVII, F¢-TI PUB ATT ‘IDLS 9-DS.I, JO UON2I9s BYSIH (7 SNSIdA (J€) $10)08] dTuadoIown)nue pue AI0)eUrtIe[jul-Ijue Jo uonaidds ySIH
“fyoedes uonenjuaapp orusSodipe pue stuadopuoryd *(STOnIPUO0d 2ININD (J7 SNSI2A (J€)
12809150 I9YSIH "(F£AD PUL ‘€/AD ‘06D ‘SOTAD) SIIBUI 308JINS 10J IANTS0J  [enuajod uonenuaiagtp ySiy -adfiousayd DS paurejurewr sproroyds 2a15-umiag
sSurpuy urepy 04314-UJ

6¢

8¢

0c

44

9¢

S¢

¥

0¥

61

[43

1£3

1c

8%

(J91) moxrewr suog

sonzadoad reuonounyg

DSIAl JO 01nog

‘spro1ayds DSIA jo senradoad [euonoungy o414 ug iz 414V ],



Stem Cells International

“(z snsmoa 1)
$31400IPUOTD SNOUT JTIAO WNIPIW PIUOTIPUOD JO 1092 dTuaSojowr Y3

"(dg snsIdA (J¢) WNIPaW PIUOHIPUOD JO 1992 A10jetutuefjul-nue ySIy

“fyoedes uonerSiu s34o01puoyd PYSIH (ISO-ND IDS ‘60¢-T T-IDd
‘qg-IDAd ST 01-1I) $10308f orydory pue AIOJeWWEUI-[JUE JO S[9AJ] JoYSIH

‘Tenusjod uonenuaiayIp

stusBodipe pue 519809150 IS AW F-fly Jo UorssaAdx> JYSIH '(Qg sns1dA (¢) [enusjod uoneNUIILYIP pue uoneIdfold Ssauta)s pasueyu

‘uoissaxdxa z-pg pue (T SnsI2A (I€) suonipuod orxodAy 1opun 1o9p9 onijojdode
Ayqera o 1oySiy "uorssaidxa z-pog pue IOH ‘¢IDd IDHID jo uononpoid y3ry -nue pue [earaIns y3ry Tenusjod onojdode-rjue pue orusgoa)so paoueyuy

'9-DSL pue IOH UDdq UDI UDH ‘ADTA JO U013 "(dT snsIaA S[[P2 PaATIdP-E ‘dE)
10yS1H “gosedse)) paAea Jo uoIssaIdxa 1oMO] 8 Pe-d T-Pd ‘T-AOS OSe[eled  $10J0BJ A10Je[NPOWOUNWII PUE SIUD{OIAD JO UONIINIS Pasueyuy *((JZ SNSIOA S[[2D
JO S[2A9] uorssaxdxa 1oySI] ‘uruTWe ‘UndaU0IqY T udSe[0d Jo uonamas YSIH  paALIdp-(¢ ‘(¢) [enuslod aaneprxo-nue pue onojdode-nue wanersuadar ySiy
aa pue "(dz sns1a g¢) uonerpelrt
1€aD FeaD 10y Ayanisod 10ySiy IOH pueIDTA “IDJ JO Uona1dds 1oySIH uonempoworqojoyd 1aj5e renuajod uonerouadar anssy pue srusdorduy ySiy
“erxod£y 0y asuodsar ur JHFA pue §-[ ‘9-J Jo uorssardxo suad y3ry "109p° 2anerouadal pue surered paoueyuyg
“IONTRU [0
wa)s ¢-yaSS uorssardxa 1oySif s1rew ¢V IS F/€1D0 ‘OONVN pue 1T1I
‘NY T OdDAd ‘VIDAd ‘ADH ‘d IDHA VIDHA Jo uoissardxa ausd 10ysiy
‘¢-asedsed
paAeap pue [-JYVd Jo uorssaidxa ramo[ pue uonedroydsoyd 1)y 19y3ry
“Ururwe] pue unoduoIqy ‘e-JIH ‘1-IdS IDH ‘IDIA Jo uorssardxo 1oy

' (g sns1oa 198 yH ® ur paredoid
sprorayds) [enusjod A1ojewrwrejjuI-njue pue JTUIS0IZUL ‘SSIUDIS PIdUBYUE

(2 snswoa Ig)
SDIOUE 0} 20UEB)SISaT paoueyuy *((¢ snsida (¢) fenuajod osruaSorSue ydry

*(Surpopour TeonyEWAYEW)

“mqeia pue Aypiqeprese s0an(8 proiayds usamiaq uonepi10d teaut] Y3 suonenuaduod uaddxo pue asoon|3 Juikrea ropun [enuajod [earains proroyds

IDHA JO S[oad] ujoxd

1YSI -oner Xeq/z-104 YSIH "IDTA T-IDd TTOF JO uotssaxdxs 1oysi

‘cI-dININ sue 6-dININ
FIDXD Jo uorssardxs 1Y3IH "IHTA pue IOH SoueN F190 ‘7TX0S JO S[oAd] "(dg sns1oa ¢) Tenuajod onoejowsyd pue dTua3o1due SSaUUL)S PaoUBYU
urajo1d pue uorssardxe susS 1oy 9oUSIUIS JOMO] pue ).l YIMoIS [[90 YT

"(QZ sNsIdA (J€) SI01OB] YIMOIS JO UOTI2I09s pue 2due)sisar stsoydode paoueyuy

“fyroedes vonenuaIayIpsueI)
se [[om se uonenuayIp stusdodipe pue o1ua309)s0 pue A)A1OE JUTWIO)-AUOT0d
“fouamdigs uorsuedxa 10YSTH F-190 ‘7-X0§ SoueN jo s[oAd] surajoxd pue
uorssaxdxe auad 1oySIH "UoNaIdIS UNOAU0IqY PUE UIUTWE] pue AJI[IqerA JOYSTH

¢ eydpe 1A ualeqjoo pue Q) uwseud} FIININ ‘IDIA IOH ‘IDT ‘T-dddDI "(az sns1oa q¢) uontsodap WOT
‘QIDT TJIDL TANIN ‘TdNLL ‘UeSouriqy ‘unosuoiqy jo uorssardxs 1oydiy  pue uonesdiw ‘vonerdjijold sisousSordue 0y pajefor surojoxd jo uorssardxa Y3y

(g sns1a (¢) renuajod
UONRNUSIRPIP pue uoneidfijoid ‘ssauuia)s paoueyuy "(g SNSIOA (€ SWY
UBSOJIYD UO UOTBWIOJ PIo1ayds) UOTaI03s SA[NI[OW JNDF PUL [BAIAINS (30 YSTH

‘sadeydooewr £4q TONAIK3s (OT-T] paseaIdur pue VN, pasears ‘uonerdjioid  “Aesse sfeydordewr asnour e ur 10aye A1ojewrureyur-nue y3ry ‘(sprotoyds ungm
pue uoneAnoe [[9- I, jo uorssaxddns paoueyus pue uorssardxs QI paureysns ySry  8-NAJ Jo A1aarep spnredosomur) £1anoe £10)e[NpOWOUNTIWIT PauTeIsns Y3

Surwrnad $-NAT/BINL (g sns1da (¢) Sursuaot] 3-NT To/pue e-IN T, 1o1je
1ayye safeydoroewr pajemuns-gqT Aq uonaidas e-IN I, jo uorssarddns 1oySipy 30970 aarssarddnsountutur ySrE] *(WNIPat 213N [[90 JUIIAYIP OM] PUe (JZ SNSIOA

“erpaw S Ul painynod sproxayds ur £y1anoe Q[ pue 9-[ ‘¢-4Dd Jo uonamas  q¢) Sursuaoi] §-NA[ J0/pue e- N, 193je 1008 £I0JBNPOWOUNUILT JO UOT}IIIS
1oySty Aanoe O] Teprwars pue 9- Tg-IDI, ‘CIDd JO UonaIdes oySIH YSIH "(qg snsidA (¢) s1030e] durnered A10je[npowoUNUIWT JO UOT}aI09s YSTH

v

0s

€€

P10 [eIIquI)

LE

Ly

o

[4%

Sv

0¢

6%

81

1S

6¢

anssn asodipy

9374

(4%

sonzadoad reuonounyg

DSIAl JO 01nog

‘ponunuoy) g 414V ],



Stem Cells International

ToPOW SULINTI 3INJIe] JISAI] Nde padnpur-y[HD

"UOISOJIo 2U0q pue uoneuwrurejjur ?ﬁwOﬁ%m Paonpal AQOUquwMU anssn

. - (
SIGL TEISIM UL SHLIT poonpUIUeATPY PaleNU e WNIPIUW PIUOTIIPUOD PIALIIP-PIoIaYds (7 SNSTIACE) WNIPAW PIUOHIPUOD JO 1099 dnnaderar) 1oysryg

84

*S[OAS] B-N], S9ONPaI PUE S[2AJ] WNIAS 9-T] Pue 3-N [ Sosea1our juswiear) proiayds
“UIqNII[Iq [830) PUB TSV ‘I TV JO PaseaIdap 1ase] (g SnsIva (J¢) 109h2 onnaderay) pue aanersuadar paoueyuy
*STS01qY pajenuajje pue afeafes quui parordur

‘[PPOW BIWUSYDST qUII[PUIY 3SNOA uonejue[dsuen spro1ayds ‘(ZON PUe INVOA VOI TIDI ‘IDTA) UOISsa1dxd $1010ef Y3m0I3 pue s3[modow €€
UOISaYpe [[o0 puk sisouadordue Tealains [[od paoueyuy ‘(¢ Snsiea (¢) 109p° onnaderdy) pue sanersuador ydry

09

pI0d [ea1quIn)
‘eouppy e U7 Amfuy womnRdI- eSS ‘uonjezirenosea 19ySry pue a31s Linfur je oaSewrep anssyy pue sisoydode ssoT '9-DG T, L6
pue IDH “IDTA Jo uonanas 1ySIf (g snsIdA (I¢) 30952 onnaderay) pue uonaidss surnered qeAams pasueyuy
opotu dep UDfs S1UAYDS! UL “depy un{s STWAYPOST JO A19A0291 [RUOTIOUNJ UT SSAUIATIIAYS J2JBIID) 'S[[2d [erPyida /
L T 0JUT UOTJENURIAYIP pue Loeod srusSordue Tearans 1ySIf ‘(I SNSIA (€) 10952 onnadersay) pue [eAIAINS paoueyuy
“Aydorye feuy
201w (I1DS ul Amfur uorsnyrodar-eruayosy . 49
ay) paonpax pue aredax anssy pajowoid sproroyds (g snsIdA (I¢) 30952 2anerduadar pue snnaderay) paoueyuyg
‘[PpOW BIWYDST qUIIPUIY SULINA *((QT SNSI2A (J€) ANSST} STWAYDST Ul uonesdfijoid pue [eAIAINS [[30 1YSIE] ¥
‘[epow asnowr ewasAydwa paonpur-asejse uorssa1dxe JDH pue
PP 4 PNPULaSTISEld 7454 12yS1y pue sanssy Suny Jo uonjerauadar 193ealn) *((g SNSIdA (I¢) 19972 aanersuddar pue snnadersay) paoueyuyg 6¥
‘[opowr 201w apnu Jur[esy punop ‘stsouagordue pue jusurjeIdus [[90 QINSO[D PUNOM SNOJUEIND paouequy’ (g SnsIdA (I¢) Ayoeded aanerousdar 1oydry 81
‘[epow 01w apnN (g snsIdA (J€) SQUIPUIY OJUT WONDS(UT Je[NOSNUILIUT I9)J WONUL)aI Je[n{[ad JySIH 10950 onnaderayy ydryg s
[PPOL PUNOM 2SNOW S1AqeIC] "IOH PUe FIJWIN ‘TINN “URouoIqy .

‘ce TA uaeq[oo ) umseud) Jo uononpoid 10ySiy (g SNSIdA (J¢ 9INSO punom 193sey) Sureay punom pasueyuy

anssty asodipy
"90TUX UT UOTJBWIUR[JUT JTWIA)SAS PaoNpuI-§J'T *(S[OAS] B- NI, PaseaI0ap pue (-] PUe Z-JOHJ PIOURYUD) 10959 ATojeuruuepjur-nue Y3 6€
‘[pow SPI[0d asnowr paonpul-SgN.L, PUe SSA (g snsIdA (¢) 10952 onnaderay) surear DSIA PAIIA0II-SUOTIPUOD JUqUIY P

'S[PAS] ¢HDd PU® TdIN/TTOXO

‘spruojtiad podnpur-uesowdz sutmiy ‘Qr-1I ‘e-INLL pue ‘“A31anoe [rydonnau paseardap juswiean) proioyds) (g snsioa (¢ 10950 LIojewruejur-1ue 19y3r

Ic

(J91) moxrewr suog

s3urpuy urewr oAIA uJ

[opow Apnis [ewruy 3090 onnaderay,

DSIAL JO 20In0§

‘spro1ayds DSIA JO 1990 onnadeIay) oaa uf :¢ 14V ],



10

3.7. Limitations of This Study. There are some limitations to
this study. First, there is a degree of heterogeneity in the
sources of cells and techniques used to produce the MSC
spheroids. Second, there are many publications excluded
due to technical factors, but still holding conclusions that
may be relevant to this research. Finally, there is still a lack
of clinical research to test MSC real benefits on a large scale
randomized controlled trials.

4. Conclusion

Based on the literature reviewed, we can conclude that the
most used source of MSC to produce spheroids is bone mar-
row followed by adipose tissue and umbilical cord. Although
MSC can be derived from many adult tissues such as bone
marrow, adipose tissue, umbilical cord, and placenta, these
sources present some limitations due to differences between
donors, extensive in vitro cell culture expansion and clinical
trials with inconsistent results [14, 59]. In this line, MSC
derived from human Induced pluripotent stem cells (iPSC)
has emerged in the last decade as an excellent therapeutic
strategy to overcome the limitations of MSC source, inter-
donor variability, senescence and culture [60-62]. Human-
iPSC-derived MSC possess higher proliferative potential
and telomerase activity as well as immunomodulatory and
angiogenic properties which has been demonstrated in
different preclinical models of disease and clinical trials
[61, 63-66]. Interestingly, Ding et al., demonstrated that
murine-iPSC-derived MSC cultured in an encapsulated
3D spheroid format display stronger immunomodulation
in a murine heart transplantation model [67].

The cell aggregation protocol most used was the hanging
drop technique followed by forced-aggregation, low attach-
ment, spontaneous assembly, then chitosan films and hya-
luronic acid gel.

The evidence here shows MSC traits are enhanced by
3D culture. Results from the 28 articles selected suggest
that MSC display better stemness, angiogenesis, differenti-
ation potential, cytokine secretion, paracrine and immuno-
modulatory effects when presented as spheroids. At the
time of this review, no human trials using MSC spheroids
were found at the National Institutes of Health (NIH)
website.

In this context, genetically engineering MSC or three-
dimensional culture, express and secrete important paracrine
and immunomodulatory factors such as IDO, PGE2 and
TSG-6 suggesting that this might increase the in vivo thera-
peutic effect of MSC [23, 31, 42, 43].

In comparison with monolayer culture, MSC in 3D con-
formation presents as an attractive alternative for therapeutic
applications of MSC. However, more studies are needed to
evaluate the real therapeutic efficacy of MSC spheroids as
well as mechanisms and pathways involved.
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