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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 ofMSCs 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 commonmeans 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 newmaterials andmethods 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 byMSCs 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 culturingmechanisms, 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 mediumwith 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
MSCs 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
MSCs 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 tomake 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, areMSCs able to perform all the necessary
physiological functions to achieve, facilitate, and accelerate
spinal fusion?,” “What happens to MSCs when they are

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 andMeta-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 referencemanager (Mendeley 1.14, “https://www.men-
deley.com”) to eliminate duplicate articles. Sixty complete
articles were then reviewed to establish whether the publica-
tionmet 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 performmeta-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
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Articles located through learning-based
approach

PubMed, n = 129 Web of Science, n = 210 Scopus, n = 105

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 (n = 10)

(vi) Withdrawn and noninherent clinical trials (n = 2)

Results sent to “Mendeley” to delete duplicate
articles (n = 60)

Potentially relevant articles for the review
(n = 149)

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)

Relevant articles identified on basis of full text
(n = 50)

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

Articles obtained from other sources:
https://www.clinicaltrials.gov (n = 6)

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

4.1.1. 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 L1-
L2 [25] and L4–L6 [28] transverse processes. Kĺıma et al.
[30] used titaniummicroplates 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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Adipose tissue
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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× 106 [26,
29, 32–34] but also lower concentration as in the study of Lee
et al. (0.25 × 106) [22] or higher concentration was used [23,
26, 30, 31]. Differently from the studies where bonemarrow in
toto [23, 24, 28] and undifferentiatedMSCswere 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-2was used also byMiyazaki et al. in an
athymic rat model to compare the efficacy of human ADSCs
and BMSCs transduced with an adenovirus containing the
cDNA for BMP-2 loaded 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 FGF. 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 𝛽-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, Kĺıma et al. [30]
adopted an instrumentedmodel of interspinous fusion show-
ing a nonsignificant new bone formation in animals treated
with hydroxyapatite (HA) and BMSCs in comparison to ani-
mals treatedwith scaffold alone, even if in presence of BMSCs
authors describedminor 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 contributionmade not only byMSCs
itself on spinal fusion but also by the paracrine effect ofMSCs
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 5mm and diameter of
10mm); 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 bonemarrow [2, 35, 37, 38, 41–49] or adipose tissue [40]
at different dosages (from 1.0 × 106 cells to 1.0 × 108). Some
authors used MSCs with osteogenic differentiation [35, 37–
40, 42, 44–47, 49] to increase the fusion rate while other

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 plusHA, 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
labeledwith PKH-67 dye in combinationwith 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 associationwithBMSCs, 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 byHui 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 Smad1C gene was
transferred into rabbitMSCs isolated from bonemarrow.The
rationale for the use of this approach is to control more effi-
ciently bone formationmimicking 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 Smad1C-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 anBMSCs carrier for a posterolateral spinal fusion
used also a PKHfluorescence 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 calciumphosphate 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 differentiatedMSCs andmesenchymal
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 onMastergraftmaterial also in comparison to amnion
epithelial cells [57]. Differently from the above-mentioned
studies, Cuenca-López 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

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 bonemarrow 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, orwithout 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 groupwas 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/𝛽-
TCP with locally harvested bone combined with autologous
enriched MSCs/𝛽-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 onMSCs 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 Stem Cells International

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
MSCmanipulation 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 derivedmesenchymal 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

the fate ofMSCswhen theywere 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 ofMSCs 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 onMSCs use and probablymitigat-
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 ofMSCs use in spine
fusion through randomized controlled and blinded clinical
trials.
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[12] C. Morelli, G. Barbanti-Bròdano, A. Ciannilli, K. Campioni, S.
Boriani, andM.Tognon, “Cellmorphology,markers, spreading,
and proliferation on orthopaedic biomaterials. An innovative
cellular model for the ‘in vitro’ study,” Journal of Biomedical
Materials Research Part A, vol. 83, no. 1, pp. 178–183, 2007.

[13] M. Manfrini, M. Fiorini, G. Barbanti-Brodano, D. Pressato, and
M. Tognon, “New generation of orthopaedic mimetic bioce-
ramics assayed with humanmesenchymal stem cells,” European
Musculoskeletal Review, vol. 6, no. 2, pp. 96–99, 2011.

[14] M. Manfrini, C. Di Bona, A. Canella et al., “Mesenchymal stem
cells from patients to assay bone graft substitutes,” Journal of
Cellular Physiology, vol. 228, no. 6, pp. 1229–1237, 2013.

[15] G. B. Brodano, E. Mazzoni, M. Tognon, C. Griffoni, and M.
Manfrini, “Human mesenchymal stem cells and biomaterials
interaction: a promising synergy to improve spine fusion,”
European Spine Journal, vol. 21, supplement 1, pp. S3–S9, 2012.

[16] X. Liu, Q. Feng, A. Bachhuka, andK. Vasilev, “Surfacemodifica-
tion by allylamine plasma polymerization promotes osteogenic
differentiation of human adipose-derived stem cells,” ACS
Applied Materials and Interfaces, vol. 6, no. 12, pp. 9733–9741,
2014.

[17] A. F. Steinert, L. Rackwitz, F. Gilbert, U. Nöth, and R. S. Tuan,
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