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The use of spinal fusion procedures has rapidly augmented over the last decades and although autogenous bone graft is the “gold
standard” for these procedures, alternatives to its use have been investigated over many years. A number of emerging strategies as
well as tissue engineering with mesenchymal stem cells (MSCs) have been planned to enhance spinal fusion rate. This descriptive
systematic literature review summarizes the in vivo studies, dealing with the use of MSCs in spinal arthrodesis surgery and the state
of the art in clinical applications. The review has yielded promising evidence supporting the use of MSCs as a cell-based therapy
in spinal fusion procedures, thus representing a suitable biological approach able to reduce the high cost of osteoinductive factors
as well as the high dose needed to induce bone formation. Nevertheless, despite the fact that MSCs therapy is an interesting and
important opportunity of research, in this review it was detected that there are still doubts about the optimal cell concentration
and delivery method as well as the ideal implantation techniques and the type of scaffolds for cell delivery. Thus, further inquiry is

necessary to carefully evaluate the clinical safety and efficacy of MSCs use in spine fusion.

1. Introduction

Spinal fusion is a common means to treat vertebral instability.
Its use has quickly increased over the last decades in order
to realize the stabilization of the spine in patients affected by
degenerative, oncologic, and traumatic spine diseases. Auto-
genous bone harvested from the iliac crests is the standard
procedure for spinal fusion surgery and it is used in more
than 190.000 cases/year in Europe [1]. It owns all the key graft
material properties, that is to say osteoconduction, osteoin-
duction, osteogenic potential, and also structural integrity if
corticals are comprised. However, the use of autologous bone
graft has been described to be linked with 5% to 35% non-
union rate, intraoperative blood loss, and residual morbidity
at the donor sites in about 30% of the patients [2]. There
are many factors inherent to the spine fusion failure such as
tensile forces, low bone surface, and interference by sur-
rounding musculature [3]. In addition, the time required for

spinal fusion increases with advancing age and the fusion rate
remains unpredictable in the ageing population [4]. More-
over, smoking, osteoporosis, and systemic illnesses have an
adverse impact on bone and in particular in spinal surgery
[5, 6]. The presence of these intrinsic complications has given
rise to research into new materials and methods avoiding iliac
crest harvesting. Thus, there are differing lines of research
such as bone substitutes (allografts, demineralized bone
matrix, and ceramics) and osteoinductive growth factors
(bone morphogenic proteins). However, bone substitutes,
which are merely osteoconductive and not osteoinductive,
remain yet to be finished as substitutes for bone because the
fusion achieved with them is not solid enough. In fact, for a
successful spinal fusion to occur, several essential elements
in addition to a biocompatible scaffold are necessary. They
include the presence of the bone-forming cells or their
precursors and an appropriate biological signal that direct
bone synthesis. The most critical of these components are
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the osteoblasts or their precursors, the mesenchymal stem
cell (MSC), both of which own the ability to form bone. To
overcome these limitations, researchers have focused on new
treatments that will allow for safe and successful bone repair
and regeneration. In this field, adult stem cells derived from
mesenchymal tissue represent a promising source for bone
engineering for their ability to differentiate into osteoblasts.
MSCs are undifferentiated cells characterized by a high
proliferation rate that were found in several adult tissues
[7-9]. The multipotent nature of individual MSCs was first
established in 1999 by Pittenger et al. [10], and since then they
have been found to be pluripotent, giving rise to endoderm,
ectoderm, and mesoderm cells [11]. Thus, MSCs are well
suited to therapeutic applications also because they can be
easily cultured and have high ex vivo expansive potential
[12-15]. In the treatment of several musculoskeletal injuries,
such as bone, articular cartilage, and other joint tissues, MSCs
from bone marrow (BMSCs) are the most widely used cells,
followed by MSCs from adipose tissue (ADSCs) [16-18]. Both
types of cells have been demonstrated to have a significant
effect on spinal fusion in a multitude of settings including a
variety of culturing mechanisms, scaffolds, and added growth
factors. However, MSCs represent a lesser (0.001-0.01%) frac-
tion of the total population of the nucleated cells [19, 20]. To
increase the concentration of MSCs, several techniques have
been developed, especially cell ex vivo expansion, but many
problems limited the clinical application, such as the sterility
technique, long culture time, high cost, and the mixture
of human cell culture medium with fetal bovine serum. Thus,
the method of collecting MSCs, as well as the real number of
MSCs to be transplanted, remains yet to be established.

To date, a great body of research on MSCs for spinal
fusion procedures was performed in vitro and in vivo but a
clinical customary procedure for the use of cell-based strate-
gies for spinal fusion surgery has not been established and
contrasting clinical but also preclinical results were reported
in literature. More importantly, the clinical transferability
of some protocols is still to be settled, to optimize time
and sources when modified/stimulated cells, custom made
scaffolds, and in vitro steps are required [21]. Thus, in this
systematic review, we aimed to evaluate the efficacy of MSCs
in spinal arthrodesis procedures considering the preclinical
and clinical studies of the last 10 years to shed light on using
MSC:s for spinal fusion treatment.

2. Motivations

2.1. Why a Systematic Review? We have seen the necessity for
performing a descriptive systematic literature review on
MSC:s use in spinal arthrodesis procedures in order to under-
stand if the use of MSCs may represent a valid strategy able
to facilitate and accelerate bone regeneration during spine
surgery providing to researchers and clinicians a beginning
point with solid foundations allowing this field to make a leap
forward. Our aim is to offer answers to questions such as
the following: “Since bone contains a complex environment
of many cell types, are MSCs able to perform all the necessary
physiological functions to achieve, facilitate, and accelerate
spinal fusion?,” “What happens to MSCs when they are
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added to a scaffold?,” “Which source of MSCs is better to
use and which techniques (ex vivo expansion and one-step
procedure) are better to use?,” “How much does the existing
preclinical model reflect the data so far collected in clinical
studies?,” and “What do we have to do to further clarify
the potential role of MSCs in spinal fusion procedures?”
Specifically, we want to summarize the knowledge collected
in nearly 10 years of research, learning from previous preclin-
ical and clinical research which used MSCs for spinal fusion
procedures, since there is an exigent need to have successful
spinal fusion.

3. Methods

3.1 Descriptive Systematic Literature Review. Our descriptive
literature review involved a systematic search that was carried
out, according to the Preferred Reporting Items for Systema-
tic Reviews and Meta-Analyses (PRISMA) statement, in three
databases (https://www.ncbi.nlm.nih.gov/pubmed, https://
www.webofknowledge.com, and https://www.scopus.com).
In order to evaluate the ongoing clinical studies, the https://
www.clinicaltrials.gov website was also checked. The key-
words were mesenchymal stromal cells OR mesenchymal
stem cells OR mesenchymal/progenitor stromal cells OR
mesenchymal/progenitor stem cells AND spinal arthrode-
sis OR spinal fusion OR interbody fusion OR vertebral
arthrodesis OR vertebral fusion. We sought to identify
studies where MSCs were employed for spinal fusion pro-
cedures. Publications from 2006 to 2016 (original articles
in English) were included. A public reference manager
(“http://www.mendeley.com”) was used to delete duplicate
articles.

4. Results and Discussion

An initial literature search retrieved 444 references (Figure 1).
Hundred and twenty-nine articles were identified using
https://www.ncbi.nlm.nih.gov/pubmed, 210 articles were
identified using https://www.webofknowledge.com, and 105
articles were found in https://www.scopus.com. Six addi-
tional articles were obtained from the website https://www
.clinicaltrials.gov. The resulting references were selected for
supplementary analysis based on the title and abstracts and
149 were considered eligible. References were submitted to a
public reference manager (Mendeley 1.14, “https://www.men-
deley.com”) to eliminate duplicate articles. Sixty complete
articles were then reviewed to establish whether the publica-
tion met the inclusion criteria and 50 articles were recognized
eligible for the review considering publications from 2006 to
2016 (Figures 2(a) and 2(b)). Thirty-nine articles were in vivo
studies on small, medium, and large animal models (Tables 1,
2, and 3) while the remaining 11 articles were clinical studies
or clinical trials (Tables 4 and 5).

Figure 3 summarizes the main steps of spinal fusion stem
cell-based therapy founded in this literature search.

We did not perform meta-analyses of the selected studies
but reported the results in a descriptive fashion. By consid-
ering the studies emerging from this review, we stratified the


https://www.ncbi.nlm.nih.gov/pubmed
https://www.webofknowledge.com
https://www.webofknowledge.com
https://www.scopus.com
https://www.clinicaltrials.gov
https://www.clinicaltrials.gov
http://www.mendeley.com/
https://www.ncbi.nlm.nih.gov/pubmed
https://www.webofknowledge.com
https://www.scopus.com
https://www.clinicaltrials.gov
https://www.clinicaltrials.gov
https://www.mendeley.com
https://www.mendeley.com

Stem Cells International

G pue § sdnoig Jo syex ay) ur parIasqo
SEM UOTJBULIOJ dU0Q JO UoIsny oN (11T
'¢ pue g sdnoid pue

Juo[e SOV 6 dnoin

1 dnoid Suowre pa1oa)ap sem ssaupyns NG DI SOV F dnoin (S
: a8uods A 401 X 09°C
10 y)3ua1)s UT DUIAPIP ON (11) T-dINGYX M SOV i€ dnoin _ SY39M (5oV) (Tw/3w 900°0) e 13
[¥2] . dnois ST-¥1 2t 8 uagefoo 0} 09°0 “93uer) ey
(500 > d) 7 dnoid ur (1/9) %0S pue T-dINGYI Ym SOV iz dnoun S1qRqIOSqY 7-dINGYL S5 (Ng) MoLrem
¢ dnoid ur (z1/¥) %g¢ Jo .1 uoIsny T-dNGY alioq ysa1]
aseq © yim paredwod (81/91) %68 0 pue NG Ysa1j Im SOV T dnoin
ayel uoIsny ayy pasearour Apuesyrudis
SOV/c-diNgys snid g 1 dnois ug (1)
saoIpul
uoIsny Ul SOUIAYPIP Jueoyrudis ou
M ‘sdnoid [[e ur uorsny Jo 30UIPIAD ((vOV9V) proe
papraoad uoneded renuey (1) u_m.omﬂwﬁwmmm
%¥S pue ‘¢ M%Mwwpwowowx&m ‘¢ dnox3 . pue (VADd) (Tw/s[Ed 01 X I'T)
10§ NSSTY paRY PIZIPIIUTW JO 9pIg v TOMMIOS UHES (ITM PIOJEDs € dnon } ENEEIY [P8o1pAy ysny .&E& .
[€7] PaTeaAdl syppam g 1e urewr 10-77 (11) 4949 Yim plogeds :zdnosd STV g PUE ‘9 F T effoep 4549 WOy MOLIBW ot
SoIM MOLIRUI JUOQ YIIM P[Ofeds ] dno.o -(1002413 auoqjer 0jo} uj
8 pue 9 je aseanur A[arssaroxd sua[Aiyy9)410d)
)IM ‘UOTJBWLIOJ JNSST) PIeY| sp8opAy
JO 9DUIPIAD TLI]> PIMOYS S[eUTUe VOVIV
[[e SP9M ¥ 1Y "S)jam ¢ Je dnoid -03-ydodd
OB U[ £ JO INO S[RWITUE  UT SISSBW
uotsny pamoys syderdorpey (1)
% pue ¢ sdnois
Jo 3esop a3 Je -TTAN/SOSdY
9 e IM OL-g/INQ 9 dnoin
dnoi3 ur uorsny Auoq prjos pawrIyuod ¢ pue [ sdnoi3
J1oyyny uonesynuenb pue Surdewn Jo a8esop ay) e [-TTAN/SDSdY
Ayderdowoy paynduwrosormn (1) s dOIL-¢/NAA 5 dnoin w_wmmmmwwo
(9/5) %€ €8 APrewrxordde (Tw/319:99) ) ) : Tex
[cz] 03 dn sajex uorsny aty panodurr I"TTAN Y dOL-¢/INGA # dnosn ST¥1 S doI-d/meaa FTTAN vwwwﬂw mmwww pazIwoyaLIeA)
9 dnoig pue «(g/¢) %S¢ Jo ¢ dnoxd (Tu/8M ¢¢e) J wo1j $HSdY
pue (g/1) %0z Jo ¥ pue ¢ sdnoid -TTAN WM dOI-¢/INAA € dnoin
“(L/7) %987 Jo T dnois (5/1) %0C (TW/s[[P2 01 X S2°0)
JO 23e1 UOISNY € pasdIyde [ dnoio (1) SOSAY YPIM dDL-¢/INGAd :Z dnoin
(Twy/s[R2 401 X ST°0)
SOSdU WM dOL-g/Nad T dnosn
o5 juean(pe
2oUIYY 3UW09INO UTe uSisop [eyuowradxy coawa\wmﬁcam MMMM% MMMMW wﬁmwﬁuﬁm Tea13o0j01q 92In0S SOSIN [opou fewrtuy
I ! ! BPO

'sa1npad01d s1saporyre [eurds 0§ S[[20 Wa)s [EWAYDIUISIW UO S[OPOW [RWIUL [[EUIS UT SAIPNIS OAIA UT PAySIqn [ TILV],



Stem Cells International

¢ dnoid 1053 g/¢ pue ‘¢ dnoid
10§ 8/¢ T dnoid 103 g/% sem uonedred

A[uo uoneon1059p 5 dnoio

NEQ i€ dnoid
-1 &

[L7] feneEet wa %%Sw M%MMM posnd (1) (NgQ) uoyeid :z dnoin ST¥1 SYoam g SUON SDSIA d1uadoqy ey

pue z dnoi§ 105 g/¢ 1 dnois 105 g/8 (SOSIN

sem Ayderdorper £q ajer uorsng (1) WM NEQ) uonn[osd Ayrutn i1 dnoto

7 dnoi8 uey s1ajowrered dnoi8 weys :9 dnoso
jsour 10§ 193813 Auesyrudis 3 . (asu)
sem ¢ dnoio *g dnoiS pue 3 yeloome s Q«SM@ Sowmw N[is (Tui/=0
[9z] dnoid usamiaq mou:&o*:m yueoyrudis mUmEmHMWmMWMH o.WU 1049 ST-%1 SPaM 71 w»%ﬁﬂ%g SUON umwowhw% %MHMWH ey
R o
QuIN[oA aU0q “ayex uorsnj . PloPeds 48 i dnoio
sdnoi3
Aue ur uonjeur1oj auoq e jo sudis . b ad 5 d aseayony ssaxdxa
ou payydiySry ursog/urAxojewap] N pmbiutpe " 1P SOSIN % dnoLH 0} paonpsuer)
qm Bururers [eo1So[oIstH (11) @o0¢) 1T Areaianuay
[sz] ‘s[eo aAnIs0d-asexayom ﬁo@%&h.m&gﬂm SOSIN i€ dnoin e 71T SNOOM /£ dDI-d/vH SUON 1591 JIT Y 1208 yey
10 3UOq pauLIoy A[Mau SOSIN':¢ nwxzw woly (4,01 X €)
OU PaMOYs AI1STUWAYD0ISTYOUNUILIT S[IE2 O L anoLd SDSIN papuedxyg
aserdyoNnmue A7, (1)
A juean(pe
2dUdIIY aUI0)NO UTeA uSsap [eyuowadxy uor mwc\,_m_i ds MMMNWWHMMMW WMMW%M Qw%ﬁ%ﬁ 921n08 SDSIA [opow [ewIuy

‘ponunjuo)) [ 41dV],



Stem Cells International

1 dnois ym SOSIN/VH
(0¢] uostredwod ur 7 dnoid ur :oqu.BM ym sayerdosorur wnrueyy ;g dnoin 111 Spom g wowmﬂm%ww: a0 ol XAMWM\M\MHSE .
suoq juedyrudis ou pafeasar 1D-H VH wnuey 9 sui0q tewny]
pue £nowoydiowoysty 430[01sTH s sajerdororur wntueiy 1 dno.n S
uoneLI0] 2U0q SOSIAG PAIENUAIDYIP J1U302)50
M3U JO dwnjoA pasearour Apuesyrusis Wim T-gINg Y 81 60 19 dnoto
Se [[oM SE (99 10 9/F) 2)el uolsny SOSING prenuaiogipun
1oyd1y Apyueoyrudts pajersuowap g M g-dING Y 87 60 35 dnosn
&:oﬁuwﬁwm wmw %Wm\%%“wﬁ.mhﬁw %wv%mBE SOSING wBEE&M%%bEMmono (Tw/s[pP2 401
I ! I M Z- T
l62] JO I9AT9p paUIqUIOd JseIiu0d U (1) E.womwmw\%w%mﬁ:m.ﬂwtwﬂw% 0 ST¥1 $Y09M 9 dDI1-10d xmew unqyy X %owwwﬁwwmwmd ey
(9/1) paAT35qO SeM el yIm Z-dINGYE 81 67 :¢ dnoun yex papuedxy
uorsny 9,/ se ¢ dnoxd ur z-qINgul s R
JO 3SOP-MO[ YIIM PIISAT[PPOD UIYM OSINE PRIBHUSIIPIP-OIU25091S0
uorsny [eutds Jerajejoraysod ajowoid WM Z-dING Y Jo 811 01 g dnoso
0) payrej uonjejue[dsuer) a10joq SOSING parenuaiagrpun Of
SOSIA JO uonenuaIayIpaid (1) X 1 yIM Z-JINGYA Jo 84 01 i1 dnoun
¥ dnoig
ur pa)oajap sem uorsny reurds oN (A1)
Aysuap pue eare % .
[UO UONBINI0dP F dnoin (/31 1¢)
oyt prg o ) M SRR -
! m 28uods uadefjoo :¢ dnoun ; 10 0T X 0'T) ®1qn
[82] se ¢ dnoi3 10§ (50°0 > d) 1938213 ddd pue ¢-dINgyt _u%%mwm.qﬁ SYooMm SOV (Tu/sapne[d 501 qt ISNO
ApueoyTuSis a1oM sseur uorsny ) m a8uods uaefjoo iz dnosn 601 ﬁ%ﬂ%ﬂ&%ﬁﬁ@
Jo AyIsuap pue Qunjoa ‘eare dyf, (1r) uonn[os sulfes pue Z-JNqyL X ('T) Touop
sdnoid eyuswurradxs m 23uods ualefjoo i1 dnoin woy 4dd
2a11)) [[e ut xefrwis AesrSo[oisiy pue
Areorydesdorper pareadde uorsny (1)
jueAn(pe
OUIY 2WO2NO Ure uSisop [ejuauadxy coaﬂ\w:&m _WMMHWWMMMW Wmmwu%%m ?uwmoﬁwﬁ 321n08 SDHSIN [opow ewTuy
) ) ’ PYOo

‘ponunuo) ;[ 41dV],



Stem Cells International

% dnoiS ur uery SOV 9 dnoun
7 pue [ sdnoi$ ur 1oea18 Apueoyrugis pUE “ZO®T-0U3PE M PajOdJsue) s
SEM 9WN[OA 9UOQ MIN (AT) SOSING Yiim SOV 6 dnoin put ey
:O_m% vo%o_goﬁ syel ZoeT-0UdPE YIM aonpsuer; (501 % 0T)
ue ‘g sdnoid ur spewurue oNy (I 03 pasn SDSING paseyping
[€] 2P N porpajsuen sOSAV UM SOV  droip CT¥1 Spom g SOV 207 ouspe Corx o) ey
PUO0d3s B 0} UOISN Y} JO UOISUAXD T-ANGY Y SOV € dnoin pue o £
snoauejuods pey [ pue | sdnoid T-dING-OU3PE YIIM pajddjsuen) N.&W%%.uwwuwm m%MMﬁwUMﬁMQ
Jo sfewrue oY) jo SN\MC mem () SOSING YIM SOV ¢ dnoun ﬂm\:\zw:mw/\
sje1 ¢ pue ‘¢ T sdnou 7-dING-OUape yum
ur paAIasqo sem uorsny feurdg (1) pajdaysuen) sOSAY YIM SOV I dnoin
sojdures pajean-DSqy
Ul UOTIEOYISSO [BIPUOYDOPUD
pamoys sasA[eue [ed130[0ISTH (AT)
sdnoid jusunean HSJy
Ul UoIsSnj 9U0q PI)RNSUOWIP IAY}INy
(s1sAeue Juawa[d S)IUL) UOTR[NIS . .
[eorreypaurorq pozuyndwos () Mum% 401 H om.H fww wWdaa ..w m”__wuo ;
[z€] 1 dnoi§ uy vorsny OSdY 0L 05°0 HM NEQ € 41049 ST-¥1 SyPoM waa auoN "oty 56y Bt!
0607 ym paredwod pandadsar  SOSAU 40T X ST'0 WM NE( 2 dnoin ¥ SOSdU
‘96001 PUE 9608 ‘%001 JO $3181 UOISNy Weq T dnoin
ur paymsa1 § pue ‘¢ ‘g sdnon (1)
1 dnoid
y)m uostredwod ur sajer uorsny
[eurds paseaxour Apueoyrugis (¥
pue ‘¢ ‘z sdnoig) yuaunean DSJY (1)
uoIsny ou pamoys g pue g sdnoin (a)
b\ozuuo%\& $OSAV g dnoin
‘S[EWIUE @/} PUE §/8 UI UOISN] :
PI[0S © PamOys F pue ¢ sdnoxo (Ar) (Bw 1) -dNgY2 7 dnosn
. (5000 > d) (Buror) TN dnoin ua8 7-JIN
dnoi3 yuawyean 1atjo Aue i SuIuIeIUos
[1€] ur asoy) ueyp) 1a81e[ Apuedoyrudis sem JUBUIGUIODAI JO TW/3W [ PUe BIpaw ST-¥1 YoM umcom.m u.ou.uw> (PIOYEIS/S[22 ey
1 e TAT Y 3 . uagerjo [-2d4y, RITAOUIPE IO 0T X §) sOSAV
1 sdnoi8 ur uonjeurioy suoq MaN (1) 1250910 fwrs $OSaV ‘¢ dnoin I Nﬁmg%f 9
(71 pue £7) 1oad] pereydad o U8 AN
je uorsny [eurds pajeasas | dnoio (1r) Sururejuod 103594 [edtaouspe
SYooMm § 1oye ue [Im pasnpsuer) sOSAYV I dnoioH
(8/8) sassewr uorsny £q pazLIa)oeIeyd
a1om T dnoig jo syewtue 1y (1)
(pe
[9A9] (s$y99Mm) swny eLISJRW jueAnip
dUdIY aUI02INO UTe]\ uSsop [eyuswradxy uorsny eurds [eususdxg To&mu S ?wwﬂw%ﬁ 921N0S SDOSIA [opow [ewIUy

"panunuoy) : A14V],



UONRUIUIRXD
sryderdorper pue uorjedied fenuewr
£q 181 JO 950G ATUO UT PaATISqO
sem uolsny auoq ‘¢ dnoid uf (1)

uoneuiuexs - e d (11 09/,01 X 1)
orydesgorper ur uopeded fenuew P=dDd PUE SOSI WM VH € 41049 1) seiq pue
ve] 4q (%0%) s/ pue Aydeiorpes SOSIN (1M VH ¢ dno STV Som 8 VH P-104d EsE&a&%@ S22 Tl
£q ¢T-%71 ye uorsny padojadp VH I dnoin g papuedxy
s1e1 (%09) 9/¢ 1 dnoas u (1)
7 dnoid ur (9¢8) 9/5 ur uorsny reurds
pareasar uonedyed fenuew pue -1
uonnjosaI-ySry oryderdorpey (1)
juean(pe
oUIY 2WO2NO0 Ure uSisop [eyuawadxy :o_mww\,MEmm MMWMWWWMMW ﬂ_ﬂ«wﬁ%m _mwwmm_OoE 351n08 SDHSIN [opow [ewTUy

Stem Cells International

‘ponunjuo)) ;[ 41dV],



Stem Cells International

dnoi3 1549/dING/VH/SOSI Ul £/9

I949/dINd

pue 1dnoid I54/VH/SOSIN Ul £/€ PU® SOSIN YIM VH 3§ dnoin yesSoyny () (T/S[122,401
€] ‘dnois8 JNG/VH/SOSIN T £/2 499 pue SOSN M VH # dnoin I o oM 9 VH 1949 (1) X 1) 1821 nqqey
¢ . - SBI[I WO} S[[D :
‘dnoi8 VH/SOSIN Ut £/0 dING PUe SOSIN UM VH € dnoip Z-dINTYE (1) ! oy SII
«dnoi3 yerSoine ur //% SOSIN M VH ‘¢ dnoin : N9 papuedxy
2IoM S3JeI UOTSNJ AT, yeasome ;[ dnon
9 pue % ‘¢ sdnoa3 ur sisouaBoajso K
snoxodexnyur pamoys £30[0IsTE] (A1) Ao :onm.wwum%me i dnotd
$ dnoig ur : .
uey 9 dnoig ur soySy Apueoyrugs  NEPUE Wm M%@MMMW:MM :9 dnoun
SeMm ﬂuwﬁvbm [EOIUBLLIUL o, Q_C @Hwﬁ&mw Nd AATFS $PNS VH F Q@:{U $1S910 JeI[I
[9¢] 1 dnoig ur yeyy : - ST-¥1 SYoam 9 VH UnRo3U0IqL] woIy NG YsdI] nqqey
03 renba £reau sem 9 pue ¢ sdnoi3 ur SUOQ HelT cmw Sns € drnos
pasaryoe yyduans [esrueydawr Ay, (1) q m.ﬁw uswn_.mwuwmmw o
S ﬁ:w 4 \AN mmsohmw: tue 1 QM 013 aszaasuer) woiy yerdone ;7 dnosn
Ut 1oty ANUESGIUSLS 9T9M Y1ousns 38910 oeIqr woiy yerdone :J dno.o
[eoTuRYIW pue Ldnsed Y7, (1)
adfyouayd oruadoaso
$ dnoad ur g/% PpIemo} paonpul SHSIN YIm
pue ‘¢ dnoig ur 9/z 18 uaefjoo W adfy @cws VH F dnoin — (Tu/s[pe 0T X
[s€] <z dno8 ur 90 OSIN Dt 91-61 SY2M 9 VH owafonsg S 1S vl woy nqqey
7 dnord ur 9/ 198 uadeyjoo [ 2d4y pue vH ¢ dnoio : NG papuedxy
9IOM $3JeI UOISTY YT, 128 walerjoo 1 2d£y yum yH iz dnoin
yeidone :J dnoin
[9A9] (sy29m) wimy Ew>:.€m
dUdIY WODINO UTBJA! uSsop [eyuswiadxy uorsny feurds [euswsdty [eL191eUT pIOPEOS rea18001q 201N0S SO [opow [ewIUy
I I I FES)

.mDHSUQUOu& SISopoIlIe ﬁﬁﬂ_&w I0J S[[95 Wa)s QE%&qumvE UO S[opou Jewrtue Wnipawr Ul Sa1pnis OAIA UT paysI[qnd 7 4T1dV],



Stem Cells International

[6€]

S[PoM
71 ye sdnoi8 yjoq ur uorsng prjos g/
pue syeam 9 Je sdnoid [eyuswurradxa

J0q Ul $}IqQqeI §/¢ Ul UOIsny pIjos
PaMOYS SuOTeUTIEXd J130[01SIY pue
‘51$9) SUTpLO[ [EUOISIO) ‘SUOTJRUTIIEXD
AydexSowo) paynduros orydesSorpey

SOSIN {3m
uadey[oo [ 2dA1/VH/VO1d i dnoin
yexSone :J dno.o

Sunyerd
I9)JE SYooM
7110 S29M 9

ST-v1

uadeqoo 1 2d4y
/VH/(VOTd)
(op1[024[3
-02-2p1oe])A[0d

QUON

1S910 JeI[I WOIJ
g papuedxy

nqqey

M314 Jo Jutod [ed13070IsTy woly
‘uotsny £uoq jo ageys Ajrea ‘Surdpriq
[eIpuoy2092)so0 pey ¢ dnoin (A1)
syuerdwr JDT, oy}

Ul PAULIOJ dUOQ MU 210 pajuasaid
pue aysodwos pajuedur pue suoq
1507 U2aM3I2q Y3dud| uonesdauroalso
19139q ® pey ssew uoisny ¢ dnoin (1)
sisA[eue
srydexSowo) payndurod aanejnuenb
£q sdnoi3 om) o130 a3 UeY]
¢ dnoi8 ur 193 rey Apueoyruds sem
SSBW UOISNY JO SWIN[OA dU0q YT, (I1)
SNdI'T
oYM (%¥1) ¢ pue (%0) 1 sdnoxd
yim uostredwod ut (9498) SNAI'T
M pajean ¢ dnoid ur uonjeded
[enueur ur asea1our Juedyruds (1)

SNdIT PUE SOSIN Yim dDI, € dnosn
SOSIN M D1, ¢ dnoin
duore gD, I dnoin

9T-91 SYoM £

dOL

QUON

1S310 JeI[I pue
JajueydoI1} ‘erqn
anurej woly g

nqqey

[s¢]

960 Sem 21e1 uotsny 3y ‘g dnoad uj (1)

(s1/8)
9%ES SeM )eI UOISNJ 3} dnoi8 ug (1)

SDSIN )M Jerdoine iz dnoio
yexdoine :f dnoio

ST-¥1 SYo9Mm 8

QUON

QUON

15910
JBIJT WOIJ ST[D

g papuedxy

nqqey

2dUdIY

2W0)NO UTEJA]

uSsop [ejuswLIadxy

[9A9] (syPom) dwmy
uorsny reurds [eyuauuLIadxy

[eLIS)EW plOYEIS

juean(pe
[ear3ojorq
PPo

221N0s SDSIA

[opout [ewtuy

"paNUIIUOY) 17 ATAV],



Stem Cells International

10

dnoid uadefjoo/vH
auI[[e10d/ YO Td/SDOSIN Ut ueyy dnoid
o o (2p1s 1Bt 21 10) SOSIY wheoonyi (,00) 15900
k42 sassan01d asIoAsUET) i Rt cumw:mu\ MI%:M:WS& Vold ST1-¥1 S9M 0T auI[eI100/ VO Td/DSIN JuoN uﬁm woiy Ng yqqey
oy} yym pajerodioour ssewr P! W 124 pue jyesd uewny papuedxy
uoIsny pue sagpriq auoq SNONUIIUOd U0) SOSIN Ui Ua8e[[02/dDd/VD'Td uade[0o/4Dd/VO1d
PoMOYS SISATeUE JUSIUOD [eISUTW
auoq pue 10 orydesSorpey (1)
(%S7) T1/€ ut
:o_msm Sow pue «(9%0S) ZI/9 Ul uoisny g mUmH
1rej <(96¢) $}qqel ZI/¢ ul punoj sem -¢ pue yH Sururejuod
(%] jnsax uorsny pood e g dnoid uy (1) dD1-d /vH i dnoin o<1 Spom g1 sorwrerdd eydsoyd SUoN ?UE\% uhm%wvwoza nqqey
(%.1) T1/T ut uoisny SOSIN YIM dD1-¢ /VH I dnoin wn(ed pue usderjod e won
Irej pue (999) 71/ ut uoisny pood reqquqy payund ) Woy Nd
(9%.1) SIIqQQeI T/ UT UOTSN JUS[[IXD 9[qeqIosaI0Tg
pareaaax uruuedss 17 1 dnoxd ug (1)
¢ dnoig
pue g dnoiS jo asoyy ueyy 1oydiy
yonw a19M § dnoid pue 1 dnosd
Jo ssaugns pue yySuans ay) jey)
E\,woﬁ mwua%a [eOIUBYOAN (1) YId-OVHU Ym Gwnz # nwec Aimluﬁaw pre
sdnox3d om) 1aj0 ayy ur ueyy VId-DVHU yim yerSone :¢ dnoin ) onoefjod-uaSerjoo 240013 [eurmngur
1OF] dnoss pue 1 dnos8 ur uonerioy anssn VId-DVHU ¢ dnoso el el —oymededxoIpAy 2N o) woxy HSAV Haae
MI[-aU0q MU 210 pamoys sajdures yerdoine :f dnoin -oueN
a1} Jo sisA[eue [eIN)ONI)SOIIIAT (I1)
¢ dnoi3 pue ¢ dnoid
ur uey) § dnoiS pue 1 dnoid ur 1oySiy
Apueoyrudts sem uorsny jo ajer ayf, (1)
juean(pe
OUIINY QW02INO UTRJA cwawv ?EuEEumxm [9A9] (Spam) sum [eLIa)el pjogess o130 AW 92IN0S SOSN [epouw [ewrtuy
' ' vorsny eurds  [epuowITadxy [ hﬁmo.n_

‘ponunuo)) g 41dV],



1

Stem Cells International

(200 > d) sdnois yjo oy
URY) UOBULIO} UOQ M3U JO JUNOWIR

1930213 B pajerpawr g dnoio) (ar)
(£000°0 > d) 1 dnoid ueyy uoneurroy
2UO0Q M3U JO Junowe 12)eard
© pajerpaw ¢ dnoxs Kpreqruurg (1m)

asepisojoees-q
Surssardxa 103094 Spy
ue )M paonpsuer) SOSIA S dnoin
(oY) surdayur ‘v
0} p23a81e321 10199 GPY YNM Z-JING

JIM PaONpSUeI) § % dnou %&om m (0D
[s¥] ueyy :oumz:&m %%%mm\aa JO Junowre E wzuuw SpY :Wmm\M.MEm 9 LT-91 SYooM czﬁomwﬂmﬁmyoﬁ< Umwuzﬁm:ﬁb 35915 JeI[L WO} nqqey
193e213 © pajerpaw § dnoioy (1r) M pasmpsuen) sOSNG € dnoin . SOSIN g papuedxy
(s dnoi3 yym paredwos dnoi3 (aoy) sutdayut ‘v
e 10J $0°0 > d)  dnoid ur pourtoy 03 PAIASIEIAI 101094 SPY M O[pRS
2U0Q MIU JO BIIE ) UeY]) 1971 M pasnpsuen sHSING ¢ dnoin
Apueoyrudts sem § pue ¢ ¢ 1 sdnoid 103294 SPY [IM STpEWS
Ul PAULIOJ 2UOQ MU JO BaIe YT, (1) yim paonpsuen} sOSNG I dnoso
# pue ¢ sdnoid yjoq
ur s)qqex Jo (01/0) %0 pue ¢ dnois
ur s)qqel jo (01/£) %0. T dnois
T $31qqe1 JO (0T/F) %0¥ UT uoisny
£uoq pamoys uonedred enueyy (1) Sunyiou 3 dnoun (SDSINO)
v pue Sone :¢ dnou sl
[¥%] 7 sdnoid ur juasard a1om auoq mau Jo ye1s0y . 3 ) ST-¥1 SYoaMm ¢ pue § SOV QUON. woly JNg paonpul 1qqey
20Udsqe pUe INSST) SNOIQY pue ¢ pue SOV iz dnotn 21U9509150
1 sdnoi3 ur paAI2sqo SEM UOTJRULIO) SOSINO WM SOV I dnosn pue papuedxy
auoq mau ‘stsAeue o130[03sTy
pue 1D £q ‘s)jpam g1 pue g1y (11)
¢ pue [ sdnoi3 ur sypom g se
A[rea se Juapiad sem uorsny Luog (1)
TUOTIEULI0] MOTTeUT
paInjeur pue su6q Mau dIOUI pey|
¢ dnoi3 yer) pamoys A3o103sTH (117)
¢ dnois SOSIN UM £-dINE-Oeq
ur (9/6) %¢€8 pue 7 dnoid ur (9/0) %0 /VH/dD1/usdeoo ¢ dnoio (,01%
[e¥] ‘1 dnoig ur (9/0) %0 sem uoneded SOSIN ST-¥1 SYooM TT VH/dD.L/udde[oD L-dINd-o'd 7) 15910 DBIJT WOIJ nqqey
[enuewr £q 2y uotsny YT, (11) UM YH/dD.L/uaSer[od iz dnoin NG papuedxy
(%001) € dnois ur zi/z1 VH/dOL/uade[[03 [ dnoin
pue (9%.9)  dnoi8 ut 71/8 (%05)
1 dnoid ur pas1asqo a1om syuawdas
Pasny 71/9 ‘symsax1 1D 3y uf (1)
oUIY WO02)NO UTBA uSisop e d 12491 (S2am) dwiny BLIS)RUI P[OJjed wesnlpe 25IN0S § Spouw [ewuru
I 1S9p [eyuswLIadxy uorsny feurds reyuautradxy [PLIIBL PIOYESS _mw%m%_@ OSIN [epout [euity

"panuUIIUOY) 17 ATAV],



Stem Cells International

12

¢ dnoig
ur suoisny prjos aay pue ‘7 dnoig ur
suorsny prjos om} ‘[ dnoid ur suorsny

ovg/SOSIN M dD T, i€ dnoin

(IDIA-2eq)
10108] [IMoI3
[BI[2YJOPUS TB[NOSEA

18315 JeIT WoIy

[s7] ou payy3iySry uoneded renuepy (1) DSIN UM d01, ¢ dnon ST-v1 SYoM TT pue (gD-oeq) dO.L g papuedxy nqqey
¢ dnoid ur z1/01 pue ‘¢ dnois ur dD1. T dnoin T-dINg Burpoous
¢ SNITAO[ND®
/% T dnoxd ur g1/0 Suraq se pajoajep EQ:.E&OQMW
sem 2)ex uorsny A[esryderSorpey (1)
¢ dnoi8 105 71/9 pue ‘¢ dnoid SOSIN i Adera) (OgH) uabLxo (401 X T) 35210 deI[L
10§ 72/01 “(21/0) 1 dno1g 1oy uorun  d1reqradAy /pjoyeds aeurde ¢ dnosn . woIy JNg paonpur
[2v] ou payySiySry voneded fenuew SOSIAL [IIM propeds ajeurse iz dnoio sT¥1 Spem el plogreds aeusy SUON 180150 nqqey
pue uorjeururex oryderdorpey proyess ayeutdie ;f dnoin pue papuedxy
7 dnoid ueyy 1oyS1y yjoq 21om
ey ¢ dnoid pue [ dnoid usamiaq
Apuesyrudts 1ag1p Jou pip (anbioy 7-dINGYX
aInyrey) SIsATeue [edTURYDIW YT, (11T) )M pogeds ajeurd[e :f dnoin (401 X 7) 3310 deIpt
% dnoid ur 9/¢ pue ‘¢ dnoid ur 9/ ¢-dINdY* pue ~ : woij g paonpur
[o7] «z dnois ur /1 dnois ur uorsny prjos  SOSIAL Y3 plogeds agewd[e ¢ dnoin STv1 SYoM 91 plogess ajeuIs[y T-dNGYX 180150 yqqey
9/9 payySiySry uonedyed fenuepy (1)  SOSIN 3M pogeds ajeutde ;g dnosn pue papuedxy
21/0 ¥ dnoid jyo pue Zy/11 yeaSoe :1 dnoin
¢ dnoi3 jo ‘11/8 7 dnoid jo z1/11 sem
1 dnoi3 jo uorun osryderdorpey (1)
[2A9] (syeam) dwny juean(pe
dUIY WO02INO UTe]A ugisop [eyuswadxyg wotsny [euidg [eswLadx [eLIS)eW plogedS [ev180[01q 251n08 SO [Ppow [ewuy
) ) ) R U

"paNUIIUOY) 17 ATAV],



13

Stem Cells International

Ma1a Jo jutod [esrdojoisty
WOy pue SIsA[eUe [edIUBYDIWOIq

VH
10§ sdno1d om) at) wLaMIaq yeisomne ;7 dnoiny aur[[eIo pue 1510 DB
(6%] P219919p 219M $IDUIIYPIP ON (IT) SOSIN (im JyeIs 11 S}9oM 71 PUE 9 auoN (L2 swomyd) woiy EM paonput nqqey
syoam 1 38 dnoa yjoq wouy g/g ur pUQAY VE//21 otuomiq i dnon PpBoiphy Rl oBMo
jJuasaid sem UOISny PI[os pue ‘Sydom : ’ a[qeq0sa101g pue pspuedxy
9 je ¢ pue [ dnoid yjoq wouj sjiqqex
G/€ UT PIAIIYDE SeM UOISNJ p1[oS (1)
[oA9] (s3eam) own juean(pe
ERlIEYEIEN | SWODINO UTBJAT uStsop reyuswradxy uorsny [eudg [emsmpadyy [eLI9)eUT plOYEdS [ea18o01q 221N0s SDSIA [opou [ewTuy
) ) ) 2P0

‘paNUIIUOY) 17 ATAV],



Stem Cells International

14

yeidone
35910 ®I[T uIsn PaAdIyde Jey) 0} (,01 %
Teqruuts £oeorgoe uotsny paonpoid  6z7) SOJIN UMM dD.L/VH S dnoin 15910
s[22 10s1m231d [ewAypuasaur (,01 S®I[T WoIy NG
o1pua30[[e 1Ry} PaMOYs X 6£) SO YIM dDL/VH % dnoun _ _ woly (sDdIN)
[es] AnswoydIowolsty auoq pue (,01 S Ao 9€791 dOL/VH SUON s[[2 10smoaxd dosys
43ojoyedoysty suoq £3ofoyed  x 57) SO YIM dDL/VH € dnoin [ewkyouasaw
uedro ‘3ursa) [eOTURYOIWOIq dDL/VH :z dnoin doays oruadoqy
“yderSorper uonnjosar-ySiy yeaSoine :J dnoin
Ayderdowoy payndwon
(%¢°01) T dno3
pue (%/£'7¥) ¢ dnoid £4q pamorjoy
¢ dnoi3 ur auoq Mau Jo 948°GS i
Pa310930p Anowoydiowostyy (1) (01 9-5)
dnoi8 oy yerdoine :¢ dnoin 15912 JEI[l oy
[1¢] ! 9111 oM 71 VH/dO.L unqrg SOSING paonpur - doayg
paredwoo 7 dnoid ur uorjeurioy SOSIN YIM VH/AD.L ¢ dnosn SIU3802150
2U0q 19}32q P2IeIISUOUWIP SOSIN UMM VH T dnoin @:m popuedxg
PaTBaAI sasATeue NS pue
‘sisATeue [eordojolsty ‘uonyedyed
enuewr KydeSorpey (1)
SDSAV PAIIIUDISPIP d1U2509)50
as ynm yeid auoq : dnoin
v yexoine auoq snofEoued :¢ dnoin anssn
dnoi8 ur juayuod suoq ur aseardUT 3 ad
1uS1s © paeaisuOwap yye1d auoq S1d snofoued - syoom —— stoN SnoaueINOqNS i
[o<] JUELILD] PIRIPRLIT POLIP 92321) ;7 dno4D) ZIpueg [eumSur :
Anowoydiowoysty/£Sojosty pue
yye1d auoq 81d snofoued woly sHSAV
“Aydeirdorperororur ‘uess 10H-1
PJBIPRLIT PILIP 9Z1 YIIM PI[Y
9211]) pue o[ Sem a8ed auo :J dnoin
juean(pe
no urejy udisap reyuatutradxyg Pl (9pam) durm [PLet [eo180101q 201N0S SDSIN Ppot
PP WO : : : uorsny feurdg  [eyuRwILIadXy progeoss U:«O. [ewuy

.w@uﬁﬁ@UOu& SISopoIlre ﬁmc_&w I0J S[[o5 Wa)s ?E%&uﬂuwwe Uo S[epouwa fewrrue QMHN_ UT S9IpN)S OAIA UT paysI[qnd :¢ dT1dV],



15

Stem Cells International

9NSST) AUOQ IS0 [JIM [[9M
P2)eI39)UT UOTJEULIO] 2UOQ MAU
paonpur  dnoi3 jey) pajeasar

sBurpuy [e3130[01STH (AT)

¢ pue g T sdnoid ur ueyy
¥ dnoid ur 1oySry Apueoyrudis
sem payoeal 2100s dryderdorpex

Y} ‘soaM Q1 IV (11)

SO YHM SOIN :# dnoin

sopnred auoq
sruedio uewny

(Tw

[ss] umwwmwwowﬂmw% H MMMM\, SONG € dnoin ST-¥1 owwww 9 woiy auwzv auoN T0 Ul 01 X GT) doayg
SUOQ PUP SI8SEU UOTSN JO mme N .N. QMEU pue y1-¢1 propgeos uaderoo 9JBIIUDUOD NG
SSOUIS [EOIURYPRWOI] AL, (1) yerSome :J dnoun auoq [ernyeN
¢ dnoi8 ur syuowSas
9/¢ pue 7 dnoid ur syuowr3os
8/7 1 dnoagd ur syuowdas /% YIm
paredwoo ‘syjoom 7 3  dnoas ur
(9/9) syuaw3as XIs [[e Ul PIAIIYIL
sem uorsng reurds prjos (1)
UOIJeULIO]
suoq jo Linuenb jo surr)
UT WA} U29MIDq SIOUIYIP
juedyrusdis ou pamoys A30703s1yq
ay3 nq ‘¢ dnoi ueyy djex . . 35910
uorsny 19332q € pey § dnoin (1) SOS ﬁr.s VH 7 dnoip SBI[T WOIj AT d
[v<] 7 pue [ sdnoiS 105 1oySiy MI € .m:MwU STVl sqpuonrs VH UON PaonpuIoalso ooUS
SeM UOTRULIO} dU0q MAN] (TT) tﬁm ole N 1049 pue papuedxyg
(%5¢) ¥ dnoad pue (9zz) ¢ dnoisd yeadoe iy dnoio
10§ ueyy (%0.) ¢ pue [ sdnoid
10§ 19YSTY 2IOM UOISNJ Jequun]
£3o103s1y pue uess 10 £g (1)
syoom 9F Je Juasaxd arom
sassewr worsny [ dnoxg pue sdnoi3 (01X
9
wummmm“ Mwwwﬂwhﬂuowwmﬁ $70) SO WM dOL/VH # dnosn
: (,01 35910 oerr doays
pue Aydeidowo) payndwo) (1r) . 9 .
[g5] [ dno3 X 6'9) SOAN ﬁ_w dOL/VH € dnoin ST¥1 $Y2oM 9T dOL/VH auoN woxy Ng wsc doayg
01 SOdIN dTUR50[[ Y
30 9699 puv dnois pALAn-OAN o) o1y yyy s gD/ VH 7 drosn !
JO %sL Uet) a10tw up eidoine ;1 dnoin
UoISNy PI[OS PIJedIPUI 2)IS UOISN] ¥
o) jo uonedred renuepy (1)
juean(pe
90UDIJOY SWODINO UTRA udrsop [eyuowrriadxyy 12491 (ya3Mm) dtrny [PHo3et [eo13oo1q 221108 SDSIA ppot
: : : uorsny feurdg  [eyuRwILIadXY propess Hmﬁo. [ewTuy

"panunuoy) :¢ A19V],



Stem Cells International

16

SyIuow
6 18 UJAD UOTSNJ OU PIMOYS ¢
dnoi3 orym ¥ pue 1 sdnoad ym

paredwoo uaym uorsny jo £yyenb (dDL/TDdw)
JoLrdyur pamoys g dnoio (A1) ayeydsoyd
¥ pue 1 sdno1d usamjaq uorsny WNIO[EdI) %07
sqereduwrod pue prjos pamoys yeiSone w dnoin T (suoyoejoxdes (Bwo0) (.01 % 01)
[8s] UOTIBN[BAD [EIIURYDIWOI] dADI/IDdw ¢ dnoin pue £1-71 sypuowr g -2) - dNGY mUwEm 31q
pue [ D-# kZojoisty (1) SOSING YIM dOL/TDdW i dnon Ajod opeid
7 dnoi3 T-dNGYE YIm DL/ TDJW i dnosn [edTpaWI TWOTJ
uey) 1oyd1y pjojomi sem | dnoid spew sp[ojeoss
JO UOT)ORIJ SWINJOA dUOq YT, (I1) 3[qeqIosaIorg
APanoadsar 4 03 1 sdnoad
10J §'T PUE 0T LT 0 210M
sa100s oryderdorper ueaw ayf, (1)
(1000°0
> d) 1 dnoid ur ueyy 1oydiy
%871 pue mﬁs.o > d) ¢ dnoig .
ur uey) JYSIY 9] SeM S[eurue . aSeo
pajea}-DJIA Ul U0q MU JO ) Apoqiayur
Aisuap 1D aanenuenb £ (1) SOdIN 401 X % ! % o d B M dOL/VH pue (,01
(-dsa1 F0°0 dOL/VH M paxed 95ed i dnoln uorsny pue omoamvﬂ q X 0110 01 X S)
[2¢] > d pue 610°0 > d) ¢ dnoig jo 9/7 SOdIN 401 % mm mmm. d Aur0yo20s1p sqpuott € “oUiRIo mu JUON SOJIN somd
pue 1 dnoid jo 9/1 yym paredwod dOL/VH Wi pe d uwmu Hm Q:EU [e01A12D MS@ opet w s osreuadoqy
SuSpuiq £Luoq snonuryuod dOL/VH qim paxped a5es ..N 1049 JoL)ue POGIAULEPL
yexSone yim paxped afes ;7 dnoin
pey s[ewtue pa3ean-OdIN (%SL) ¥0-€0
T1/6 eyl pamoys ueds 1D (1)
¥ pue
¢ sdnoi3 usamioq punoy arom
saouazayIp Juesyruss oN (1)
(100 > d) 7 dnoi3
Jo 9/¢ pue [ dnoiS jo 9/ pue S[01U0D :G dnoin AmUmM %ﬂ x9)
% dnoid jo g /o yym paredwoo SOAV pue dD1/VH pue was WH qudo
Sui3priq Luoq snonunuoo pey dD.L/VH yim paxoed a8ed i dnoun QU0 n%h&ﬂ :
[9s] (%¢8) ¢ dnoid ur sjewrue 9/g jey) sDJIN pue i syjuouwr ¢ -1oyjarayjadjod SUON SusSorre samy
PpaTeaAdI syyuow ¢ Je ueds 1D (1) JD.L/VH UM paxoed aed i¢ dnoun [OR% woJj opeur ages R I
¥ 10 7 1 sdnoid ur yeyy dD.L/VH ynm payoed a8eo iz dnosn Apoqiayur 1(pry
03 paredwoo ¢ dnoxd ur payoajep  Yerdoine yym payoed ades i1 dnosn ;01 mmv
Sem ssew uorsny Jueoyrudrg (1) SO tu=o01Y
juean(pe
90UDIJOY aUI02JNO UTR uisap reyuatutradxy Pl (Dpam) durm [PLet [eo180101q 201N0s SDSIN Ppot
: : : uorsny feurdg  [eyuRwILIadXY propess Hmﬁo. [ewTuy

"panunuoy) :¢ A19V],



17

Stem Cells International

say1s 1 dnoid ur uey) ¢ dnoid ur
UOTJRULIO} 2UO0Q JISUIP PIMOYS

so[dures pasnj jo £So[o3sTH (11) mu\%wmﬂﬁk@ 9JBIIUDUOD Y

[6S] ¥ dnoag o 9,0 pue ¢ dnoid Ju0q S[OYM QI dOL, '€ dhosD 171 syuowr 9 dDL duoN 10 N d[oym duIAQ
70 %8 yim pareduwiod ‘pasny : . snousSoiny
21e1IU2OU0D NG YNM JD ], :7 104D
a19Mm 5318 T dnoxd a1} Jo 967 pue yesoyne i dnous,
7 dnoas o g¢¢ ‘syjuowt 9 3y (1)
juean(pe

OUdIJY aW02IN0 Urejy uSisop TejuowLIadxy 191 (Vfpom) aurn [Aatetey Teat3ojorq 251IM0s SOSIN POt
I I ' uorsnj feurds  TejuswILIadXy proyess Uﬁo. [ewruy

"panunuoy) :¢ A19V],



Stem Cells International

18

Sur[[oms anssn-)jos

aaneradolsod jo saouaprout 7 (1A o2
1 1504 ] prut (14) J0ytusgordoayso
uorsual1adAy Jo souappul T (A) . s[> 1031uag01doajso
TG :a8e ueay pue s[o
uotsujodAy jo suaprout f (1) sqjuowr Srew 9 pue S[[22 wojs [euifypuasow wR)s [ewdypussowr  d[qedordde uo S[2AS] 7 10
[59] Ayjedonorpexr o 44 (oreur %1¢ JATRU SUTUTRIUOD XLIJeW L 191 N PATCI0T
QTeWJ %6¥) . 9ATIRU UTUTRIUOD
MIU JO S9dUPDOUL 7 (111) auoq re[nyeo yerdoyre :syuaned ggr XLIeU 210
SUOT)29JUI punom g (Ir) <8l Temnios Swo&
%EOHOHS@ I AC ~ : @ :4\
£3ojorped yuawdas juaselpe 10y G'I/ :o8e uedN XUJEU 2U0q POZIEIaUILIP
syuanjed ¢ 103 woneradoar saxyy, (1IT) syuow (soreudy 9)BI)UOUOD
vl stsoxylrepnasd auQ (1 sed ue uat pue yeaSoye im jeitdse moxrew MOLIeW dUO 19213 Jeif A[Buts oy12ads 10
fsorqIep o crasely TP 6) 3u0q payenuaou0 sjuared ¢ 4 pay1ads J0N
BWOIIS U (1) 1€
Apoaneradojsod
9JBI)UIOUOD
Yoom )11y oy} urnp aFeurerp (sorewdy
. MOIIeW dU0q UM paxTur sdryd 9)BI)UOUOD 15910
(9] pue £1081ms worsiaax juanbasqns SYUOW $7 §G ‘UdW 77) paygmads JoN
: yreaSorre snorduods :syusnyed oF (11) MOILIBW U0y S®I[T JOLIISOJ
M ewojeway :sdnoid omy o) jo 08 .
suore sdryo yexSoyre syuanyed oF (1)
[O®3 UI Pa1Ind00 suonedduwod omJ,
9'6y = 93e uedy suoq
(sorewdy 35010 o®I[T snoojoine :z aprs (1) Pajenuaou0d .
[co] SUON SOt vz 01 pue saew 1) 9)BI)U2OUOD MOLIBW dU0q MOLIBW dUOY 191 9B AUO SPASLE 0T T
sz snoSojoine snyd yerdoyre :1 ap1s (1)
auoq snoJojoine
pU® JeId SOTWeIdd YIIM MOLIe
U0 PIILIIUIDUOIUOU 7 IPIS (I1)
¢'9F = 93e ued auoq snoJojoine 9]JBI)UIOUO0D 15910 DeI[I
[19] SUON spuottye <1 pue yeid sorwrerad Aeydsoyd Molrew auog 101191504 SPASTTPUET
wnio(ed d1seydiq snotodoidew
UM PIJBIDOSSE MOLIET
U0 ParenIuadU0d 1 IPIS ()
rIqQa1IoA-RIdNS
pautoflpe ay) jo Ajiqersur i
aarssaxoxd yym juaned 1 (A1) dDIL-g//SOSIN paypHu snoSojojne (10yexedas [0
0'F¥ = 28e ueay :sased uorssardurosapuonN (1r) F = S[PAJ] €
sITerAouAs esinq yym juanjed 1 (1) syjuowr e Sursn payorius) 1S31D J®I[L
[oc] S50 d : (uowom dOIL-g/S0SIW €7 = SPAI[ T
1soxyjreopnasd g (1) G'9¢ UBIPIIA . 9JBI)UIOUO0D 391 pue WSy
11 “UaW (¢) PaydLIuS SNOS0[0INE YIIM PIUIqUUOD F1 = [9A9] 9[3u1g
Spunom Iy} Molrew auog
5% aU0q PaJsaATey
ur ur[[oms 9JeIdpPOW IO UOTIEPNXD .
A[Teo0] :s9s€2 uoIssa1dwoda(J (1)
Juatsuen) m syuaned ¥ (1)
T6s = aBe uvopy Molrew auoq snousdojne ysaij 15910 JeI[I <1
syuow (sorewdy .
[09] stsoxyjreopnasd | S sore pue gD JO 2IMXTW :3pIs JySny (I1)  morrew auoq ysaxr] Jorradnsoraisod = s[Ad] arowr Jo 7
o€ N I W.m 2 ye1d suoq snoJojone :2p1s P (1) Sy 7T = [9A9] 9[3uIg
(o8e ueour)
0UAIY suoneor[dwo)) dn-mofjog jusuIjeaI], uonemdruew [[p) 221108 SDSIA [PA3] SISIPOIYIIY

Jaquunu sjusaned

.wvhS@QUOHQ SISopoIlIe ﬂmﬁwaw I0J S[[90 Wa)s ﬂma%ﬂuﬁvwoa Joosn oyl MQTLO\:HM $2TpN]S [eSTUI]d paysiqnd :y 214V],



19

Stem Cells International

9)eIJUIOUO0D MOLIel 9U0q

yim paxtur sdiyd yerSofe (1/,01
9)o1dwo syjuowr snorduods 7 dnois (11 X 86190 SIPIIUIUOI MOLIVLL 9UO (M BUONJUIAIINU sisoldpuods
PARIAWOD  Sh L u:.oﬂm R Q:.M tﬁmw:mwv 98uer) aderoae  paxrw sdryd yerdoye snorduodg 08 feaon o ‘sisoxyreofApuods 9E8E09T0LON
msoﬁwcom.m ;1 dnoioy (1) 101X VL
syonpoid
STwreIad [eWIUE JO UONIPPE JNOYIIM
ayeydsoyd e ur paduerre ayesA 391o7e[d YIIm paydLIUD 7-1 soseyd 9seasIp
umowqup) - pariodaiioN S[[9 WIA)S [BWAYOUISIW parodatioN wnipaw oy1ads B Ul OIJIA UT st [BUOTIUSAIDIU]  OSIP [BIQOIISAIIU] V69EISTOLON
snoSojoiny (1) papuedxos ajerrdse morrewr suoq
woIj SOSIA Jo uorsuadsns [0
yei1s suoq snojojojne
:dnoig jonuoy) (ar)
as1,J09 ?WMM\M : soySr S[1o2 doyuaBoad
syuow d9°NJ P 359421 TewAypussaw orouddore 7-1 seseyd uoIsny Jequin|
pajerdwon :¢ dnoig eyuowrrodxy ()  parrodarjoN . . d w €166%S00LDON
9¢ pue ¥ pajeaponu ‘papuedxa-2Injmd [BUOTIUSAIDIU] [eI1918[012)S0J
3STLJOAN] JO ISOP [PpPIU (pa1opsOUnUI]
iz dnoig reyuswiLrodxy (1r)
3STLIOAN] JO ISOP 1SAMO]
;7 dnoi§ rejuswurradxy (1)
1510 DBI[T 2UOQ
sjuaned pue uorsng reurds
PAIUSWNIISUT JO JUSUIJLIT)
prepue)s :g dnoio (1)
uolsnj Teurds ur anssn anssny auoq druadofe [[-1 sopead
suoq oruddofe ur paxy Ul paxXy SUOIIPUOd JIAD) Jopun 7-1 soseyd
Bunmiay - syuow gy S[20 WS [RWAYDUISIUT parodarioN PauTeIqO S[[9 WId)S [BWAYDIUISIW @ [BUOTIUAAISIU] &Momumw%wwmwo% £OLZSSTOLON
snogojojne papuedxo snoSojoine papuedxyg B a
OAIA X3 £q pasodurod
jonpoid SurreourSus
ansst) 2y} pue uorsny eurds
payuawnysut ;] dnoio (1)
(3a1em)8 syuarjed payjoruo
% (sqauour) R . d . a4 Ioynuapy
JIAIOY dn-mofjoq swre Apmg S[[92 JO IaquUNN 10 ‘uonendrueur 92INos) JaliClin|(shiiE) ad£y Apmg uonIpuo) AOS'S[PLLL [eo1uI]
€Iep DSIN pajeuinsy ) o

*(A0S sTeLIyeOTUID WOIJ) $9INPad0i1d STsapoIy)Ie [eurds J0F S[[90 WS [eWAYOUISIUW SUIA[OAUT STeLI) [EITUT[D JO ISTT G AT4V],


https://www.clinicaltrials.gov/
https://clinicaltrials.gov/ct2/show/NCT01552707
https://clinicaltrials.gov/ct2/show/NCT00549913
https://clinicaltrials.gov/ct2/show/NCT01513694
https://clinicaltrials.gov/ct2/show/NCT01603836

20

Stem Cells International

approach
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Potentially relevant articles identified and
title/abstract screened (n = 450)

Articles excluded (n = 301):
(i) Noninherent and/or on other spinal pathology (i.e., spinal cord injury,
intervertebral disc regeneration, nucleus pulposus, spina bifida) (n = 213)
(ii) Non-English article (n = 4)
(iii) In vitro studies (n = 10)
(iv) Nonoriginal articles, reviews (n = 62)
(v) Only abstract with data unabstractable (1 = 10)
(vi) Withdrawn and noninherent clinical trials (1 = 2)

(n=149)

Potentially relevant articles for the review

articles (n = 60)

Results sent to “Mendeley” to delete duplicate

Articles excluded on basis of full text (n = 10):
(i) Case report (n=1)
(ii) Noninherent in vivo studies (n = 7)
(iii) Withdrawn clinical trials (n = 1)
(iv) Noninherent clinical trial (n = 1)

(n=50)

Relevant articles identified on basis of full text

l

’ In vivo studies (n = 39) ‘ Clinical studies (n = 7)

l

’ Clinical trials (n = 4) ‘

FIGURE 1: Systematic literature review flow diagram. Flow of information through the different phases of the systematic review.

papers according to in vivo studies (small, medium, and large
animal models) and clinical trials.

4.1. In Vivo Studies

4.11. Small Animal Models. Thirteen studies (Table 1)
employed MSCs in small animal models (n = 1 in mice and
n = 12 in rats) in order to achieve or improve spinal fusion
rate. In the majority of the studies the spinal fusion surgery

was carried out by decortications of L4 and L5 but also LI-
L2 [25] and L4-L6 [28] transverse processes. Klima et al.
[30] used titanium microplates and titanium screws to fix the
spinous processes of L1-L3 vertebrae. The experimental time
after surgery ranges from 4 to 8 weeks. Most of the studies
used in vitro expanded MSCs [22, 25-27, 29-34] principally
derived from bone marrow [25-27, 29, 30, 33, 34] but also
from adipose tissue [22, 31-33]. Beyond the use of expanded
MSCs, some authors, in order to take advantage not only
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FIGURE 2: Historical distribution of (a) in vivo models and (b) clinical studies on MSCs use in spinal arthrodesis procedures according to the

year of publication.
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FIGURE 3: Flow chart summarizing the main steps of spinal fusion procedure when stem cell therapy is used.

by the mesenchymal component but also by the presence of
trophic factors, cytokines, and extracellular matrix molecule,
used bone marrow in toto [23, 24, 28]. Few studies used
autologous MSCs [23, 29, 34] while the majority employed
allogenic MSCs [22, 24-26, 30-33]. All the examined studies
involved seeding cells into allograft [22, 27, 32] or into various
scaffolds, such as ceramic [25, 30, 34], collagen sponge [24, 28,
31, 33], silk fibroin [26], and composites [23, 29]. Only one
author employed autologous bone graft as control material
[26] while the others used allografts or scaffolds without
MSCs as control. When expanded MSCs were used the cell
number, loaded on allografts or scaffolds, is 1.0-1.50 x 10° [26,
29, 32-34] but also lower concentration as in the study of Lee
et al. (0.25 x 10°) [22] or higher concentration was used [23,
26, 30, 31]. Differently from the studies where bone marrow in
toto [23, 24, 28] and undifferentiated MSCs were cultured and
loaded on a scaffold [25, 26, 30, 32-34] four studies [22, 29,

31, 34] employed cells cultured in osteogenic differentiation
medium. In particular, Rao et al. examined also the role of low
doses bone morphogenic protein- (BMP-) 2 codelivered with
both undifferentiated and differentiated BMSCs showing that
undifferentiated BMSCs with low-dose BMP-2 loaded on
a composite scaffold demonstrated superior fusion rate in
comparison to all the other examined groups. Low dose of
BMP-2 was also evaluated in association with bone marrow
in toto loaded on a collagen sponge, showing that fresh
bone marrow aspirate increases the osteogenic potency and
biologic efficiency of BMP-2 [24, 28] also in comparison to
BMP-2 associated with other adjuvant factors such as platelet
rich plasma [28]. BMP-2 was used also by Miyazaki et al. in an
athymic rat model to compare the efficacy of human ADSCs
and BMSCs transduced with an adenovirus containing the
c¢DNA for BMP-2loaded on collagen sponge. Authors showed
that ADSCs transfected with adeno-BMP-2 induce abundant
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bone formation in a manner similar to genetically modified
BMSCs [33]. Similar results were also obtained by Hsu et al.
[31] that demonstrate the potential of adipose derived stem
cell as cellular vehicle for this osteoinductive factor. Contrary
to the positive effect on spinal fusion derived by the associa-
tion of MSCs or bone marrow with BMP-2, the association
of fibroblast growth factor-4 (FGF-4) with differentiated
BMSCs loaded on a HA scaffold did not stimulate fusion
but appears to induce fibrotic change rather than differen-
tiation to bone [34]. Despite these negative results, recently
Shih et al. [23] suggested a good performance in promoting
spinal fusion rate associating new biomineralized matrices
with bone marrow or basic FGE. Differently from the above-
mentioned studies that used growth factors in associa-
tion with BMSCs to enhance spinal fusion, other authors
determined the efficacy of a -tricalcium phosphate (TCP)/
demineralized bone matrix (DBM) [22] or DBM alone [32]
loaded with different doses of human perivascular stem cells
(hPSCs) also in presence and absence of osteogenic protein
NELL-1. Authors highlighted that both in healthy [32] and in
osteoporotic condition [22] the presence of hPSCs [32] also in
association with NELL-1 significantly improved spinal fusion
[22]. Differently from all the other studies, Klima et al. [30]
adopted an instrumented model of interspinous fusion show-
ing a nonsignificant new bone formation in animals treated
with hydroxyapatite (HA) and BMSCs in comparison to ani-
mals treated with scaffold alone, even if in presence of BMSCs
authors described minor inflammatory reaction compared to
the animals treated without BMSCs. Finally, since the fate
and contribution of the MSCs are not sufficiently clarified,
especially at clinically relevant locations, Geuze et al. [25]
using the bioluminescence imaging of luciferase-marked
MSCs and adopting different experimental setup tried to
elucidate and clarify the contribution made not only by MSCs
itself on spinal fusion but also by the paracrine effect of MSCs
when loaded on a ceramic scaffold. Results suggested that the
soluble factors or the presence of extracellular matrix was not
sufficient to induce bone formation; thus unfortunately they
did not provide an answer to the critical question whether
the principal mechanism of action of MSCs is based on their
activity on the release of soluble mediators.

4.1.2. Medium Animal Model. MSCs treatment to achieve
spinal fusion was employed in 16 in vivo studies that used
medium sized animal models (Table 2). All the studies used
a single level posterolateral transverse process arthrodesis
between L4-L5 or L5-L6 or L6-L7. With the exception of one
study [44] spinal fusion surgery was carried out by creating
a defect between L4 and L5 (depth of 5 mm and diameter of
10 mm); in all the others studies a transverse process decor-
tication was performed. The experimental time after surgery
ranges from 4 up to 18 weeks. Unless for the study by Koga
et al. [36] that use fresh bone marrow to enhance the spinal
fusion rate all the other authors used expanded, autologous
(2, 35, 37-40, 42-47, 49], or allogeneic [41, 48] MSCs isolated
from bone marrow [2, 35, 37, 38, 41-49] or adipose tissue [40]
at different dosages (from 1.0 x 10° cells to 1.0 x 10%). Some
authors used MSCs with osteogenic differentiation [35, 37—
40, 42, 44-47, 49] to increase the fusion rate while other
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used undifferentiated MSCs [2, 36, 41, 43, 48]. In all the
studies MSCs were loaded on a scaffold (i.e., ceramic,
polymeric, collagen sponge, and gelatin sponge) with the
exception of Urrutia et al. [38] that used a pellet of cultured
BMSCs cografted with an autologous bone graft and showed
that adding differentiated BMSCs in a pellet without a
scaffold not only failed to increase fusion rate, but completely
inhibited bony growth. Differently, Nakajima et al. [35], using
differentiated BMSCs plus HA, obtained a high rate of lumbar
fusion similar to that obtained using autograft alone. In most
of the studies the experimental treatment with MSCs was
compared with autologous bone but in some of them this
comparison is missing [2, 41-43, 45, 47, 48]. Niu et al. [42]
compared BMSCs cultured in a biphasic calcium phosphate
with BMSCs cultured with coralline HA. Coralline HA was
used also by Chen et al. [49] who used MSCs fluorescent
labeled with PKH-67 dye in combination with a bioresorbable
hydrogel and coralline HA in comparison to autograft show-
ing similar results between groups. In addition, to the use of a
ceramic graft in association with BMSCs, several authors used
BMP to enhance the osteogenic potency of MSCs [37, 43, 46]
showing that MSCs in combination with BMP-2 enhanced
bone formation in posterolateral spine fusion exerting a
more osteoinductive action than MSCs alone [46]. Favorable
results were also obtained comparing the association of a
composite [43] and a ceramic [48] material with baculovirus
genetically modified BMSCs overexpressing BMP-7 [43] or
BMP-2 associated vascular endothelial growth factor (VEGF)
[48] with nongenetically modified BMSCs. Additionally,
Minamide et al. [37] tested also the hypothesis that both
BMP-2 and basic fibroblast growth factor (FGF) mutually
acted on the proliferation and osteogenic differentiation of
rabbit BMSCs. They showed that the combined treatment
with BMP-2 and basic FGF produced a favorable degree of
spinal fusion comparable to autograft. An increased spinal
fusion rate was also obtained by Koga et al. [36] assessing
the osteogenic potential of HA sticks soaked with fresh
bone marrow and fibronectin (FN). Interesting were also the
results obtained by Hui et al. [2] that underlined that the com-
bination of synthetic biomaterials, autologous differentiated
BMSCs, and also low-intensity pulsed ultrasound promote
spinal fusion. Differently from the use of low-intensity pulsed
ultrasound, the use of hyperbaric oxygen therapy adminis-
trated to the animals did not enhance the spinal fusion rate
when a combination of allogenic differentiate MSCs/alginate
scaffold was evaluated [47]. The effectiveness of autologous
differentiated BMSCs was evaluated also by Yang et al. [44]
in association with a collagen sponge showing a high fusion
rate similar to autologous bone. Another approach exploited
by Douglas et al. is the ex vivo transfer of a gene encoding
an osteoinductive factor to BMSCs which are subsequently
reimplanted into the host. In this study SmadlC gene was
transferred into rabbit MSCs isolated from bone marrow. The
rationale for the use of this approach is to control more effi-
ciently bone formation mimicking the natural cascade signals
and avoiding the drawbacks associated with the direct use
of BMPs. Authors showed that animals BMSCs transduced
ex vivo with the SmadlC-expressing tropism-modified Ad5
vector mediated a greater amount of new bone formation
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than BMSCs transduced with any other vector [45]. Differ-
ently from all the other studies Urrutia et al. [38] evaluating a
composite of hot compression-molded PLGA, HA, and type I
collagen as an BMSCs carrier for a posterolateral spinal fusion
used also a PKH fluorescence labeling system and highlighted
that the transplanted BMSCs were partly responsible for the
new bone formation. Positive results were also obtained using
allogeneic undifferentiated rabbit BMSCs added to a type I
collagen and calcium phosphate ceramics that promote spinal
fusion and did not induce an adverse immune response [41].
Only one study evaluated the effectiveness of autologous
ADSCs combined with a new mineralized collagen matrix
(nHAC-PLA) for posterolateral spinal fusion. Results indi-
cated that the rate of fusion was significantly higher in the
autologous bone and ADSCs + nHAC-PLA groups than
that in the nHAC-PLA and autologous bone + nHAC-PLA
groups, demonstrating the effective impact of the scaffold also
when combined with ADSCs [40].

4.1.3. Large Animal Models. Ten studies used ovine as large
animal models (Table 3) [51-57, 59] while two used swine
[50, 58]. These studies carried out four-level, three-level, two-
level, or single level spinal fusions surgery all instrumented
with screws and bars with the exception of Gupta et al. that
used a single level noninstrumented lumbar fusion [59]. In
these studies both autologous bone marrow or expanded
MSCs [50, 51, 54, 55, 58] and allogeneic bone marrow or
mesenchymal precursor cells [52, 53, 56, 57, 59] were used to
enhance spinal fusion and all of them involved seeding cells
into allografts [50], collagen scaffolds [55], ceramics [51-54,
56,57, 59], and composites [58] scaffolds. Except for Schubert
et al. who use MSCs derived from adipose tissue [50] and
Goldschlager et al. that used amnion epithelial cells [57] all
the other authors used differentiated MSCs and mesenchymal
precursor cells derived from bone marrow but also bone
marrow in toto loaded on the scaffolds at different dosages.
Wheeler et al. also compared different dosages of MSCs [52,
53, 56]. All the researchers used autografts and grafts without
cells as controls and the majority highlighted superior result
of the graft associated with MSCs and bone marrow in
comparison to the graft alone, while similar [50] or best [51-
53, 55, 56, 59] results were seen for autografts in comparison
to grafts associated with MSCs. In addition, Goldschlager et
al. showed superior results of mesenchymal precursor cells
loaded on Mastergraft material also in comparison to amnion
epithelial cells [57]. Differently from the above-mentioned
studies, Cuenca-Lopez et al. observed that bone autografts
performed better than MSCs loaded on hybrid constructs
[54]. Inferior results were also observed for MSCs loaded on
a composite scaffold in comparison to autograft but also in
comparison to scaffold associated with BMP-2 [58].

4.2. Clinical Studies. The search strategy identified 10 clinical
studies (Table 4) about MSCs used for spinal fusion proce-
dures. Among these 10 articles, three were excluded: for two
articles we found only the abstract and not the full-text and
the other one was a case report of an 88-year-old multi-
diseased osteoporotic patient treated with corticocancellous
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bone allograft, augmented with autologous bone marrow
concentrate from iliac crest aspirate enriched with platelet
rich fibrin from peripheral blood. Thus, due to the treatment
protocol and the lack of a control group, the real contribu-
tion of MSCs on spinal fusion procedure could not be extra-
polated. Therefore, 7 articles were analyzed: by comparing the
characteristics of each study; it is evident that, in all studies,
with the exception of the study by Moro-Barrero et al. [60],
the authors employed the concentrate autologous bone mar-
row in comparison to fresh one inside the operating theater
[20, 61-65]. Three studies associated bone marrow with a
ceramic graft [20, 60, 61] while the remaining 4 combined
bone marrow with allograft [62-65]. Three studies were
prospective, randomized trials [61-63], two of which with
limited number of patients [61, 62], while one was a prospec-
tive, multicenter, nonrandomized study on 182 patients [65].
All the studies withdrew the bone marrow from iliac crest and
performed spinal fusion surgery on 1, 2, or 3 levels with simi-
lar surgical procedures and approaches. As far as the number
of transplanted cells, cell concentration was not always
reported as cell number in one milliliter or was not reported
at all, thus making comparison among studies extremely
difficult. In addition, another variable among studies is the
method used for cell concentration (cell separator based on
the density gradient centrifugation, centrifugation over a gra-
dient, or without any gradient). Obviously, the absence of pro-
cedural and methodological guidelines affected the cell yield
and thus it was not possible to identify a range for the cells
number to be transplanted and to correlate it with the clinical
outcome. In addition to the cells number, in two studies a con-
trol group was not used [64, 65], while other two studies com-
pared the experimental treatment with autologous bone [60,
62] and one study with allograft chips alone [63]. Another
study by Gan et al. compared autologous enriched MSCs/f3-
TCP with locally harvested bone combined with autologous
enriched MSCs/B-TCP [20], while Odri et al. in a simple
blind randomized clinical, prospective, monocentric study
compared a biphasic calcium phosphate ceramics graft that
was associated with autologous bone and concentrated bone
marrow with unconcentrated bone marrow with ceramics
graft and autologous bone [61]. The follow-up of the analyzed
studies ranged from 12 months to 36.5 months [20, 60-65],
demonstrating, through radiographic and clinical analyses,
the safety and in one case a greater efficacy [63] of MSCs
use in spinal fusion; however, these studies were conducted
in too small patient cohorts and there is the need to con-
firm these data also from preclinical animal models, where
transplanted cell phenotype, fate, and contribution to healing
could be monitored and quantitatively measured to exclude
malignant transformation.

As of August 2016, the ongoing clinical trials on MSCs for
spinal fusion applications found through https://www.clin-
icaltrials.gov web site are 6 (Table 5). One of them was
excluded because the objective of the trial was the definition
of the osteogenic potential of MSCs and their progenitors
during spinal fusion complication (pseudarthrosis). Another
trial has not been analyzed because it has been withdrawn
prior to the patients enrollment. The remaining 4 trials were


https://www.clinicaltrials.gov
https://www.clinicaltrials.gov

24

all interventional study of phase I-II with a minimum follow-
up of 12 months. Of them 2 were completed. In detail the
trials assessed (1) the feasibility and safety of ex vivo expanded
autologous MSCs fixed in allogenic bone tissue in compar-
ison to autologous bone; (2) the effectiveness of autologous
mesenchymal stem cells arranged in a calcium phosphate
ceramic; (3) the effectiveness of allograft alone versus allograft
with bone marrow concentrate; (4) the feasibility, safety, and
tolerability of 3 different doses of immunoselected, culture-
expanded, nucleated, allogenic mesenchymal precursor cells
combined with resorbable ceramic granules in comparison
to autograft alone. In all studies fusion surgery, surgical
procedures, clinical approaches, and follow-up evaluations
were similar. However, each trial was different from the other
for patients number, MSCs manipulation or strategy, study
arms, and presence and/or type of control group. In addition,
the information available was not always complete. In some
cases it was not clear which strategy would be employed for
MSC manipulation and almost all the studies did not indicate
the number of cells or the medium for cell infusion. Thus,
although some studies could provide useful information, it
was evident that more controlled clinical trials are necessary
to understand whether MSCs can be successfully employed
in spinal fusion procedures.

5. Conclusion and Future Prospective

In recent years, the basic and preclinical research literature
clearly indicates the use of MSCs also in combination with
various scaffolds, to repair bone defects, and many stud-
ies concern their use also for the treatment of vertebral
instability. Thus, with the rapidly growing number of spine
fusion surgeries performed annually, we have seen the need
for performing this descriptive systematic literature review
on MSCs use in spinal arthrodesis procedures in order to
elucidate if the use of MSCs may really represent a valid
strategy able to facilitate and accelerate spinal fusion.

In this review, several therapeutic strategies for the
enhancement of spinal fusion rate based on stem cells have
been developed in both preclinical and clinical studies. The
application of an allograft or a scaffold, prevalently ceramics,
associated with stem cells was adopted in all preclinical
studies while the application of autograft, but also ceramic
scaffolds, still in association with stem cell was used in
the clinical setting (tissue engineering strategy). However,
the use of growth factors (principally BMP-2) and other
osteoinductive factors, as well as ex vivo gene therapy, was
taken into consideration.

We found that numerous preliminary researches in this
review were carried out in small, medium, and large animal
models showing the potential for MSCs use in spinal fusion
procedures. Despite the fact that in some of these studies
adipose derived mesenchymal stem cells, human perivascular
stem cells, and also amnion epithelial cells were used, the
majority of the studies employed bone marrow cells. Based
on these preclinical data it would seem that MSCs are able
to perform the necessary physiological functions to achieve,
facilitate, and accelerate spinal fusion. However, none of these
examined studies was able to give a detailed elucidation about
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the fate of MSCs when they were added to a scaffold, although
the success demonstrated that, in the animal models, some
barriers remain prior to this therapy translation into the clin-
ical setting. In fact, this review underlines that there are few
and basic clinical trials, although some of them have shown
that bone marrow cells used in humans can give a successful
spine fusion. Some critical existing limitations include also
the choice of the optimal cell concentration, the delivery
method, the ideal manipulation procedure (ex vivo expan-
sion and one-step procedure), and the best implantation
techniques. In addition, researches that examine the optimal
MSCs concentration are needed in large animal model,
which are more similar to humans. These critical points
also highlight the need for methods able to maximize the
number of MSCs collected, as well as the presence of easy and
feasible techniques in the clinical scenario. However, other
matters that need further consideration comprise also the
elimination of fetal calf serum, the possible reversibility of
the differentiated state, the survival of the cells in vivo, the
integration with the preexisting bone, and the capacity to
form bone and marrow in vivo.

In conclusion, the use of MSCs as a cell-based therapy
may represent a biological approach to reduce the high cost
of osteoinductive factors as well as the high dose needed to
induce bone formation. Thus, implementing this available
potential treatment based on MSCs use and probably mitigat-
ing some adverse effects would make this kind of approach
a possible therapeutic tool. Finally, although MSCs ther-
apy remains an interesting and important opportunity of
research, it is necessary that the spine surgery community
carefully evaluates the safety and efficacy of MSCs use in spine
fusion through randomized controlled and blinded clinical
trials.
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