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Abstract
Objectives Reconstruction of long segmental bone defects is demanding for patients and surgeons, and associated with long-
term treatment periods and substantial complication rates in addition to high costs. While defects up to 4–5 cm length might 
be filled up with autologous bone graft, heterologous bone from cadavers, or artificial bone graft substitutes, current options 
to reconstruct bone defects greater than 5 cm consist of either vascularized free bone transfers, the Masquelet technique or 
the Ilizarov distraction osteogenesis. Alternatively, autologous cell transplantation is an encouraging treatment option for 
large bone defects as it eliminates problems such as limited autologous bone availability, allogenic bone immunogenicity, 
and donor-site morbidity, and might be used for stabilizing loose alloplastic implants.
Methods The authors show different cell therapies without expansion in culture, with ex vivo expansion and cell therapy in 
local bone defects, bone healing and osteonecrosis. Different kinds of cells and scaffolds investigated in our group as well 
as in vivo transfer studies and BMC used in clinical phase I and IIa clinical trials of our group are shown.
Results Our research history demonstrated the great potential of various stem cell species to support bone defect healing. It 
was clearly shown that the combination of different cell types is superior to approaches using single cell types. We further 
demonstrate that it is feasible to translate preclinically developed protocols from in vitro to in vivo experiments and follow 
positive convincing results into a clinical setting to use autologous stem cells to support bone healing.

Keywords Bone defect · Cell therapy · Stem cells · BMC · Bone marrow mononuclear cells · Regeneration

Background

Reconstruction of long segmental bone defects is demand-
ing for patients and surgeons, and associated with long-
term treatment periods and substantial complication rates 
in addition to high costs. Large bone defects result from 
major trauma, surgical excision of tumors, debridement after 
posttraumatic septic non-unions, osteitis or explantation of 
endoprothesis. While defects up to 4–5 cm length might 

be filled up with autologous bone graft, heterologous bone 
from cadavers, or artificial bone graft substitutes, current 
options to reconstruct bone defects greater than 5 cm con-
sist of either vascularized free bone transfers, the Masquelet 
technique or the Ilizarov distraction osteogenesis [1–3].

Alternatively, autologous cell transplantation is an 
encouraging treatment option for large bone defects as it 
eliminates problems such as limited autologous bone avail-
ability, allogenic bone immunogenicity, and donor-site 
morbidity, and might be used for stabilizing loose alloplas-
tic implants [4, 5]. Until now, systematic clinical studies 
applying autologous bone cell transplantation have barely 
performed.

In contrast to the extensive in vitro and animal experiment 
data, there are only few studies that show clinical results for 
cell therapy treatments to regenerate bone.

There are two clinical application forms of cell thera-
pies to regenerate bone. Besides the biological differences, 
various health law-related consequences also emerge for the 
manufacturer and the orthopedic surgeon in attendance.
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1. Cell therapies without expansion in culture
2. Cell therapies with ex vivo expansion

Cell therapies without expansion in culture

Cells are harvested or produced during an operation. Bone 
marrow aspiration concentrate (BMAC) is a typical exam-
ple of this form of application. At the beginning of the 
operation, a defined volume of bone marrow is harvested 
by vacuum aspiration of the ventral or dorsal iliac crest 
and suspended in an anti-coagulating heparin and anti-
coagulant citrate dextrose solution in a transfusion bag. 
Mononuclear cells are then isolated from the harvested 
bone marrow aspirate in a density gradient centrifuge in 
the closed system that has been used since 2005.

In a prospective clinical study and in various experi-
mental treatments, the research group of Jäger et al., has 
successfully treated over 100 patients with local bone-
healing disorders using a BMAC biomaterial composite 
[6]. Fifty percent of the bone defects were grafted with 
autologous cancellous bone and the remaining 50% with a 
BMAC biomaterial composite (hydroxylapatite, Orthoss®, 
Geistlich, Wolhusen, Switzerland versus collagen sponge, 
Gelaspon®, Chauvin Ankerpharm, Berlin, Germany). So 
far, the study has found that the use of BMAC reduces 
the harvest of autogenous bone by 50% with no slowing 
down or absence of bone healing being observed [7, 8]. No 
complications with the application were observed in any of 
the patients. The low complication risk of this procedure 
[9] and the osteogenic potency in the parallel application 
of different biomaterials has also been reported by other 
research groups [10, 11]. However, a confirmatory clinical 
study under the current regulatory requirements has not 
been reported to our knowledge.

Cell therapies with ex vivo expansion

In orthopedics and traumatology, autologous cell therapies 
have been used regularly on the musculoskeletal system 
after ex vivo cultivation, at least since the clinical intro-
duction of autologous chondrocyte transplantation (ACI). 
Unlike cartilage regeneration, for which ACI was used in 
more than 12,000 patients between 1987 and 2005, [12, 
13] there are no reliable data on osseous regeneration after 
temporary in vitro cultivation. In the treatment of necro-
sis of the femoral head, for instance, whereas numerous 
one-step transplantations are documented, only three case 
studies with a maximal observation period of 3 months can 
be found. Here, a mixed cell population from bone marrow 
cells (so-called tissue repair cells, TRCs) was expanded 
over 12 days under GMP conditions and then transplanted 
autologously together with a scaffold made of tricalcium 

phosphate (TCP) within the framework of core decompres-
sion [14].

A new started study with ex vivo expanded mesenchy-
mal stromal cells (hBM- MSCs) is the Orthounion study. 
This study is a multi-centre, open, comparative, three-arm, 
randomized clinical trial (EudraCT-No. 2015-000431-
32) to compare the efficacy of autologous human bone 
marrow-derived expanded mesenchymal stromal cells 
treatments versus iliac crest autografts. Bone healing in 
patients with diaphyseal and/or metaphysodiaphyseal frac-
tures, atrophic or oligotrophic non-union is investigated. 
The project started on 1st January 2017.

The particular drawbacks of temporary cultivation of 
MSCs lie not only in the considerable logistical effort to 
ensure the quality of the cell therapy treatment but especially 
in the biological characteristics of this cell population. As 
soon as MSCs are isolated from their tissue mass and trans-
ferred to a culture dish, differentiation proceeds in accord-
ance with the culture conditions [15–17]. The yet incon-
clusive biological effects when fetal bovine serum is used 
in the culture, as well as telomere shortening, and thus cell 
aging with ex vivo cultivation also have to be considered. 
Furthermore, analysis of 170 neoplasia-associated DNA 
promoters was able to show that despite the relatively high 
genetic stability of MSCs from human bone marrow or adi-
pose tissue, damage in the genome could occur at later stages 
[18]. The question as to whether these genotoxic effects of 
prolonged in vitro cultivation are also clinically manifested 
after re-transplantation remains unanswered, however. The 
potential effects of changes in the chromatin structure due 
to epigenetic factors at the beginning of osteoblastic differ-
entiation also remain largely unknown [19].

Cell therapy in local bone defects, bone healing 
disorders and osteonecrosis

Other research groups have also reported positive clini-
cal results after using human bone marrow cells. Giannini 
et al. showed that in patients with osteochondral defects in 
the talus, functional improvements were achieved through 
autologous bone marrow cell transplantation by arthroscopic 
surgery [20]. As early as 1991, Conolly et al. [21] reported 
equivalent healing rates for autologous bone marrow graft-
ing to treat post-traumatic pseudarthrosis of the tibia. Other 
authors also support the high osseous regeneration potency 
of the percutaneous implantation of autologous bone mar-
row concentrate to treat pseudarthrosis [22, 23] and discuss 
supplementary osteoblastic stimulation using platelet-rich 
plasma (PRP) [21].

Although the underlying mechanism for the regeneration 
process is not completely understood, essentials constitutes 
have been assumed besides biomechanical stability and 
vascularization in accelerating new bone formation: growth 
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factors, osteoprogenitor cells and extracellular matrix/natu-
ral scaffolds.

An overview about published studies after cell therapy 
in bone defects or bone healing disorders are summarized 
in Table 1.

The substantial requirements of bone healing are 
summarized by Giannoudis et al. in the diamond con-
cept of bone fracture healing. That concept considered 
the mechanical environment, osteogenic cells, vascular-
ity, osteoconductive scaffolds and growth factors [24] as 
essential factors for successful tissue engineering-based 
bone healing approaches. In line with that concept, Drosse 
et al. discussed a multi-component approach for tissue 
engineering of bone defects ranging from cell-based to 
scaffold-based approaches also including the use of osteo-
genic growth factors and genetic engineering [25].

As a basis for bone healing, therefore, mechanical sta-
bility, osteoconductive scaffolds, and a sufficient vascular 
bed are the basis for bone healing [24]. The role of growth 
factors is important as well, but one can assume that viable 
cells and vascularization allow the secretion of relevant 
factors, but it is unclear if this is sufficient. Better results 
in healing have been shown by application of growth fac-
tors [26, 27]. Thus, the addition of stem cells to a bone 
defect filled up with scaffolds in a vascularized environ-
ment appears to be a prospective, but challenging aim.

Considering these aspects, we started to investigate 
essential components obligatory for bone tissue engi-
neering to develop a clinically applicable protocol for 
(stem)cell-based treatment of bone defects. The aim of 
this review is to trace back our research in this field from 
initial experiments to isolate and characterize stem cell 
populations, to evaluate suitable biomaterials in vitro, 
to proof the effect of regenerative cells and biomaterials 
in vivo, and based on that, to apply for and conduct first 
clinical trials to assess safety, feasibility (phase I) and the 
effect (phase IIa) of autologous bone marrow mononuclear 
cells (BMC) transplanted into the defect site on the bone 
healing (Fig. 1). All over, it took about 10 years to come 
from cell culture into humans and clinical trials are now 
ongoing.

Cells

We followed the hypothesis that the combination of cells 
with complement properties might be more effective for the 
bone defect healing compared to approaches using single 
cell sorts. Endothelial progenitor cells (EPC) as potentially 
proangiogenic acting cells as well as marrow stromal cells 
(MSC) capable of forming new bone tissue were selected. 
A short overview on the biology of both cell types will 
be provided in the following. In this regard bone marrow 

mononuclear cells (BMC), as being a mixture of different 
cell types, are also worth to be mentioned.

Endothelial progenitor cells (EPC)

At least two major types of endothelial cell lines can be 
obtained by in vitro culture of mononuclear cells; first, the 
so-called “endothelial-like cells” or “early EPC” and sec-
ond, the so-called “outgrowth EPC” or “late EPC”. Early 
EPC were used in all of our experimental projects. These 
cells are supposably derived from monocytic/dendritic cells 
co-expressing some endothelial markers together with leu-
kocyte markers and demonstrating a high VEGF synthesis, 
some investigators hence designate them as endothelial-like 
differentiated PBMC [28, 29]. In the following ‘early EPC’ 
will be referred to as EPC. These cells can be generated in a 
sufficient amount within 3–5 days from a tenable volume of 
blood [30]. The contribution of early EPC in forming blood 
vessels is a matter of debate. Crosby and colleagues have 
reported that 8.3–11.2% of endothelial cells which devel-
oped in sponge-induced granulation tissue over 1 month 
were derived from circulating hematopoietic progenitor cells 
[31]. So it has been proposed that early EPC more likely act 
in a paracrine manner, secreting proangiogenic factors such 
as VEGF [28]. Own previous work indicated that early EPC 
are activated after multiple trauma by increased VEGF and 
TGF-β [32] but are harmed by increased concentrations of 
TNF-α, IL-1β [33] and activated neutrophils [34].

In contrast, outgrowth EPC or late EPC are character-
ized by a broad spectrum of endothelial markers including 
VEGF-R2 and UEA-I-Lectin. They express CD34, lack 
myeloid markers (CD45) and can be expanded in vitro. It 
is likely that these cells are generated from bone marrow-
derived CD133 + cells [35, 36]. The culture period of late 
EPC is much longer, compared to that of early EPC. Single 
colonies of late EPC appear after 3–4 weeks [37], whereas 
early EPC require only 3–5 days [38, 39]. We observed that 
late EPC were also activated by musculoskeletal trauma 
[40], and that migration of late EPC towards injured tissue 
is impaired in elderly patients probably due to a reduced 
capability for VEGF synthesis [41].

Marrow stromal cells (MSC)

MSC were primarily described by Friedenstein et al. [42] 
as plastic-adherent cells or colony forming unit fibroblasts 
based on their adherence to tissue culture surfaces. MSC 
own a high proliferative potential and are phenotypically 
characterized by surface expression of CD71, CD73, CD90 
and CD105, and the absence of the leukocyte marker CD45 
or markers expressed by hematopoietic stem cells such as 
CD34 [43]. These cells can be functionally characterized 
by their potential for trilineage differentiation towards the 
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adipogenic, the chondrogenic or the osteogenetic lineage in 
dependency from the presence of specific substances in the 
culture medium. For bone tissue regeneration, MSC com-
bined with an appropriate scaffold have shown to support 
bone repair [43, 44].

We observed an increased proliferative activity of MSC in 
patients with multiple trauma and a decreased concentration 
in the bone marrow of patients who developed an atrophic 
non-union during our initial research [45].

Bone marrow mononuclear cells (BMC)

BMC are a heterogeneous mixture of diverse cell types con-
taining (immature) lymphocytes, (immature) monocytes and 
progenitor cell populations. A BMC preparation evidentially 
comprises several subsets of regenerative potential such as 
(immature) monocytes and hematopoietic stem cells (HSC), 
a putative source of EPC, and precursors of MSC [46–49]. 
Putative MSC precursors can be identified by the expression 
of the nervous growth factor receptor-1 (CD271) and the 
absence of the pan leukocyte marker CD45 [50], whereas 
EPC can develop from CD34/CD133/CD45 expressing cells 
[51]. MSC precursors are a rare population of cells residing 
in the bone marrow that were defined by the presence of 
CD271 expression and, respectively, low or absence of pan 
leukocyte antigen CD45 expression. Those cells were fre-
quently found in close proximity to CD34 + progenitor cells 
[50] and possess the potential for trilineage differentiation 
(adipogenic, chondrogenic, osteogenic potential) [52]. It has 
been shown furthermore that the CFU-F concentration cor-
relates well with the concentration of those cells within the 
bone marrow [53] and that approximately 5% of those cells 
were capable to form CFU-F [50, 53]. It has been demon-
strated that BMC support therapeutic effects by improve-
ment of vascularization as exemplarily demonstrated by Jeon 
et al. [54] using the hind limb ischemia model of the mouse. 
Transplantation of BMC resulted in significantly increased Ta

bl
e 

1 
 (c

on
tin

ue
d)

A
ut

ho
r

Ye
ar

Jo
ur

na
l

B
on

e 
de

fe
ct

N
 p

at
ie

nt
s

Re
su

lts

Le
e 

et
 a

l. 
[1

02
]

20
14

C
lin

 O
rth

op
 R

el
at

 R
es

D
ist

ra
ct

io
n 

os
te

og
en

es
is

 (t
ib

ia
)

22
A

ut
ol

og
ou

s B
M

A
C

 w
er

e 
co

m
bi

ne
d 

w
ith

 P
R

P 
in

je
ct

io
n 

at
 th

e 
os

te
ot

om
y 

si
te

 in
 d

ist
ra

ct
io

n 
os

te
og

en
es

is
 o

f t
he

 ti
bi

a.
 T

he
 

tre
at

m
en

t g
ro

up
 sh

ow
ed

 fa
ste

r h
ea

lin
g 

at
 e

ac
h 

co
rte

x 
an

d 
fu

ll 
w

ei
gh

t b
ea

rin
g 

w
as

 p
er

m
itt

ed
 e

ar
lie

r i
n 

th
e 

tre
at

m
en

t 
gr

ou
p 

th
an

 in
 th

e 
co

nt
ro

l g
ro

up
, a

lth
ou

gh
 th

e 
eff

ec
t s

iz
e 

w
as

 sm
al

l
D

es
ai

 e
t a

l. 
[1

03
]

20
15

H
SS

 J
D

el
ay

ed
 u

ni
on

 o
r n

on
-u

ni
on

49
Pe

rc
ut

an
eo

us
 B

M
A

C
 in

je
ct

io
n 

w
as

 c
om

bi
ne

d 
w

ith
 e

ith
er

 
D

B
M

 a
nd

/o
r r

hB
M

P-
2 

in
 d

el
ay

ed
 u

ni
on

 o
r n

on
-u

ni
on

 
pa

tie
nt

s. 
It 

w
as

 sh
ow

n 
to

 b
e 

a 
sa

fe
 a

nd
 e

ffe
ct

iv
e 

tre
at

m
en

t 
re

ga
rd

le
ss

 o
f t

he
 fr

ac
tu

re
 g

ap
 si

ze
 o

r f
ra

ct
ur

e 
si

te
H

er
ni

go
u 

et
 a

l. 
[1

04
]

20
15

In
t O

rth
op

N
on

-u
ni

on
 (a

nk
le

)
86

D
ia

be
tic

 p
at

ie
nt

s w
er

e 
tre

at
ed

 w
ith

 b
on

e 
m

ar
ro

w
 m

es
en

ch
y-

m
al

 st
em

 c
el

ls
 (B

M
- M

SC
s)

 d
el

iv
er

ed
 in

 a
n 

au
to

lo
go

us
 

bo
ne

 m
ar

ro
w

 c
on

ce
nt

ra
te

 (B
M

C
). 

Tr
ea

tm
en

t w
ith

 B
M

C
 

pr
om

ot
ed

 n
on

-u
ni

on
 h

ea
lin

g 
in

 7
0 

am
on

g 
86

 d
ia

be
tic

 
pa

tie
nt

s w
ith

 a
 lo

w
 n

um
be

r o
f c

om
pl

ic
at

io
ns

. T
re

at
m

en
t 

w
ith

 B
M

-M
SC

s s
ho

w
ed

 im
pr

ov
ed

 h
ea

lin
g 

ra
te

s c
om

pa
re

d 
w

ith
 st

an
da

rd
 il

ia
c 

bo
ne

 a
ut

og
ra

ft 
tre

at
m

en
t

EPC  +  MSC
Characterisa�on, 
regula�on in 
trauma [32-34]

EPC  +  MSC
Cytocompa�bility 
assessment [59-61]

EPC  +  MSC
Effect on bone healing
in vivo [63-65]

BMC
Clinical phase I 
trial [71]

2004 - 2007 2009 - 2013 2009 - 2014 

2012 - 2017 2012 - 2017 2013 - 2015

BMC
Cytocompa�bility 
assessment [49, 67]

BMC
Effect on bone
healing in vivo 
[48,69]

2016 - 2017

BMC
Clinical phase
IIa trial

Fig. 1  Timeline of our research efforts in the area of (stem)cells to 
understand and develop a clinically applicable protocol for a (stem)
cell-based therapy of large bone defects
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microvessel density [54]. Interestingly, in cardio-vascular 
cell transplantation studies, BMCs were mostly applied in 
large successful studies (Assmus et al.) [46]. BMCs are eas-
ily taken by bone marrow aspiration of the iliac crest and 
processed for further clinical use. The different cells with 
regenerative potential are shown in Fig. 2.

Cells sources

Stem cells for bone tissue engineering can be harvested from 
different sources. Human MSC and EPC can be obtained not 
only from iliac crest bone marrow but can also be isolated 
from marrow of the femur using a Reamer Irrigator Aspira-
tor (RIA). The application of a Reamer/Irrigator/Aspirator 
(RIA) system allows the harvest of vital bone marrow from 
the femur by continuous irrigation and simultaneous aspira-
tion of the irrigation fluid. The irrigation fluid as well as the 
osseus particles within the irrigation fluid can be harvested 
using a filter. Actual studies demonstrate that the reaming 
debris obtained with RIA contains elevated levels of FGF-
1, PDGF, IGF-1, TGF-β1, and BMP-1 in comparison with 
samples obtained from the iliac crest using needle puncture/
aspirate technique [55]. Moreover, it was reported recently 
that human reaming debris is a rich source of multipotent 
stem cells. The harvested cells exhibit a phenotype and a 
plasticity commonly attributed to MSC in culture [56]. Own 
work has shown that in comparison with aspirates obtained 
from iliac crest RIA aspirates from the femur contained a 
significantly higher percentage of CD34 + progenitor cells, 
a significantly higher concentration of MSC and a signifi-
cantly higher concentration of early EPC. The percentage 
of late EPC did not differ between both sites. Moreover, the 
capability of MSC for calcium deposition was significantly 
enhanced in MSC obtained with RIA [47]. In a subsequently 
following study, we hypothesized that the harvest procedure 
influences the osteogenic activity of human MSC rather than 
the tissue site itself. We generally were able to reproduce 
that concentration and osteogenic capacity of MSC har-
vested with RIA is higher compared to MSC from the iliac 
crest. We observed that the harvest procedure is a critical 
factor in osteogenesis of MSC in vitro. The altered gene 
expression and function of femur-derived MSC (RIA) might 
be due to the harsh isolation procedure [57].

Scaffolds

Oftentimes, to spatially restrict regenerative cells, cells will 
be seeded on a carrier before being placed into the bone 
defect. Different kinds of scaffolds are available which vary 
in their chemical composition, shape and surface character-
istics. Osteoconductivity, osteoinductivity and adherence of 
cells are dependent on material properties. A great variety 
of scaffolds belonging to different classes are commercially 

Fig. 2  Cells with regenerative potential used in our research, SEM 
images. MSC (a), EPC (b) and BMC (c) on various types of scaf-
fold (A: β-TCP; B: β-TCP; C: demineralized bone matrix) 2 days after 
seeding in vitro. Cells were fixed with glutardialdehyde, dehydrated 
and finally treated with dihydroxydisilazane overnight before being 
sputtered with gold
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available. Those include synthetic scaffolds based on miner-
als present in bone such as hydroxyapatite or beta-tricalci-
umphosphate (β-TCP), other synthetic materials are based 
on derivates of polylactic acid. Non-synthetic scaffolds are 
frequently based on processed bovine cortical bone and 
spongiosa, scaffolds based on differentially processed bone 
obtained from human donors are also available.

Ideal biomaterials for bone reconstruction should fulfill 
requirements including mechanical stability, osteoinductiv-
ity, osteoconductivity and support of revascularization. It 
is generally accepted that the main aspects of the scaffold’s 
biological impact were pore size, certain surface micro- and 
nanostructure, stiffness and the release of putatively benefi-
cial ions such as  Ca2+. However, currently available single 
component materials do not meet all these requirements, 
despite increasing research efforts in this field. Hence, more 
sophisticated biomaterials are needed and combining differ-
ent biodegradable biomaterials with complementary proper-
ties may circumvent individual shortcomings.

Assessment of scaffold cytocompatibility

Actually, there is a high demand for cytocompatibility test-
ing, since the effect of the scaffold on cells is not predictable 
solely based on information about the scaffold’s chemical 
and physical properties. Therefore, we established a panel 
of assays that allows us to rate the cytocompatibility of a 
scaffold for BMC, EPC and MSC in a 96-well plate scale. 
Our test panel includes the assessment of seeding efficacy, 
metabolic activity, relative number of adhering cells, evalu-
ation of functional aspects such as the secretion of VEGF 
and expression of genes relevant for vasculogenesis and 
osteogenesis.

We observed significant differences of cytocompatibility 
between different sorts of scaffolds, which were consistently 
found for each cell type that was analyzed. In particular, the 
relevance of the physical surface characteristics was dem-
onstrated. It was observed that number, metabolic activity 
and gene expression of MSC, respectively, EPC, differed sig-
nificantly when seeded on β-TCP scaffolds being chemically 
identic but different in their surface topography. Both cell 
types demonstrated a high adhesion and survival rate on the 
β-TCP offering a smooth surface, whereas cell number and 
cell activity rapidly declined on the rough material [58, 59].

Natural materials on the basis of human processed bone 
material demonstrated a high cytocompatibility for MSC, 
EPC [58–60] and BMC [49] that was superior to synthetic 
materials with regard to initial adherence and long-term sur-
vival (Fig. 3).

The importance of certain ions being released from the 
scaffold for the differentiation, survival and activity of EPC 
was demonstrated using a composite material developed 
in our department consisting of a PLA carrier combined 

with up to 40% bioglass (BG40, CaO-SiO2–SiO2 80 mol-
%, CaO 20 mol-%) [61]. BG40 released the most calcium, 
and improved endothelial differentiation and vitality of EPC 
best. This effect was mimicked by adding an equivalent 
amount of calcium to the medium and was diminished in 
the presence of the calcium chelator, EGTA.

Experimental in vivo transfer studies

Transplantation of pre-cultivated progenitor cells improves 
bone healing in vivo

We also analyzed the portability of the in vitro results to the 
in vivo situation. The general proceeding of those experi-
ments is shown in Fig. 4.

Keeping our initial hypothesis in mind, that the combina-
tion of cells with complement properties is more effective 
for the bone defect healing compared to approaches using 
single cell sorts, we evaluated the effect of EPC alone or in 
combination with mesenchymal stem cells (MSC) on the 
early vascularization and bone healing in our critical size 
defect model of the athymic rat.

We were able to show that early vascularization after 
1 week was significantly improved in the EPC/MSC group 
and the EPC group. The formation of a primitive vascular 
plexus was also detectable in the β-TCP, MSC, or autolo-
gous bone group, but on a significantly higher level, if EPC 
were transplanted alone or combined with MSC. The degree 
of early vascularization correlated well with the release of 
VEGF into the tissue, suggesting a paracrine effect of the 
transplanted EPC.

Concomitantly, bone defect healing after 8 weeks was 
most prominent, if MSC and EPC were transplanted into 
the bone defect compared to all other groups. Those find-
ings indicated a synergistic effect between EPC and MSC 
and that the initial stage of neovascularization mediated by 
EPCs is crucial for complete bone healing in the late phase 
[62, 63].

The same positive effect of co-transplanted MSC and 
EPC on bone healing and vascularization was seen in a rat 
critically sized calvarian defect model using syngenic MSC 
and EPC seeded on a newly developed scaffold consisting of 
polylactic acid reinforced with 40% bioglass [61, 64].

BMC in bone healing: preclinical studies

Despite their beneficial effects on bone healing, the use of 
culture expanded cells comes with inherent disadvantages, 
including regulatory ones. To obtain a sufficient number of 
cells for clinical use, MSC will require several weeks of 
expansion in culture, markedly delaying definitive surgical 
repair of the bone defect. There is some evidence that, dur-
ing that process, MSC may accumulate genetic alterations, 
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which in turn might increase the risk of cancer [65]. Also, 
some of the growth factors that are used for EPC differen-
tiation in vitro such as IGF-1 might support transformation 
of hematopoietic progenitors [66] from which EPC develop 
[51].

Bone marrow mononuclear cells (BMC) might be a prom-
ising alternative to cultured cells, if preliminary data about 
their osteoinductive properties can be confirmed in humans, 
specifically also in humans with pathological bone structure. 
Comparative data regarding the needs of BMC for the adhe-
sion on biomaterials and biocompatibility to various bioma-
terials are lacking to a large extent. Therefore, we evaluated 
whether a surface coating would enhance human BMC adhe-
sion and analyze the biocompatibility of three different kinds 
of biomaterials. β-TCP, demineralized bone matrix (DBM), 
and bovine cancellous bone (BS) were assessed. The seed-
ing efficacy of BMC on uncoated biomaterials is generally 
high, although there are differences between these biomate-
rials. β-TCP and DBM were similar and both superior to BS. 
Those in vitro results could be generally confirmed using 
our femur defect model of the rat. Superior bone healing 

responses of the β-TCP and DBM scaffolds compared to BS 
were observed suggesting either as suitable materials for 
spatial restriction of BMC used for regenerative medicine 
purposes in vivo [49, 67]. Based on those preliminary data, 
we analyzed the impact of BMC seeded on a β-TCP scaffold 
in comparison with combined EPC and MSC using the same 
scaffold in our femur defect model of the male athymic rat 
in vivo. We observed less chondrocytes and a significantly 
more advanced bone formation in the BMC and EPC/MSC 
group in comparison with the control group (β-TCP without 
cells) after 8 weeks. Concomittantly, biomechanical stability 
of the defect area was significantly enhanced if BMC and 
EPC/MSC were implanted compared to control. The degree 
of new bone formation and biomechanical stability was simi-
lar between the BMC and the EPC/MSC group. Further-
more, no tumor formation was found either macroscopically 
or histologically after 26 weeks of BMC implantation [68].

Fig. 3  Differential adhesion of 
EPC on biomaterials. Adhesion 
of cells is strongly correlated 
to the surface characteristics of 
the biomaterial. Despite being 
chemically identic, cells show 
tremendously different adhe-
sion on β-TCP from supplier A 
compared to the β-TCP from 
supplier B. Note the differ-
ent surface structures of the 
materials. Natural materials 
based on processed human bone 
demonstrate generally a good 
cytocompatibility

β-TCP, 
supplier A 

β-TCP, 
supplier B 

processed
human
spongiosa

EPC on scaffolds Surface of scaffolds
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BMC in clinical use, phase I and phase IIa clinical trials

Based on our promising preclinical results, we established 
a cell-based bone regeneration procedure applicable in 
the whole field of bone defects after trauma, tumors, joint 
arthroplasty and in osteoporotic defects. We hypothesized 
that transplantation of BMC + β-TCP into a bone defect 
should be safe, feasible and should promote bone forma-
tion and bony bridging of the defect resulting in improved 
clinical outcomes. The clinical problem of these studies is 
always that in substantial bone defects mostly the defects 
are very heterogeneous, and additional problems, such as 
soft tissue defects, or additional injuries exist. To allow for a 
rather standardized clinical defect situation, we have chosen 
the situation of a displaced proximal humerus fracture, thus 
a metaphyseal defect. Such an approach was proposed by 
Saxer et al. for their studies on adipose-derived stem cells 
[69].

Protocols for a German Medicines Law GCP trial were 
prepared and permissions from the local ethics board [No. 
350/12] and the federal authority (PEI) [No. 1769] were 

obtained for treatment of 10 consecutive, eligible, consent-
ing patients. We generated formal study protocols, including 
IMPD, and applied for § 40 AMG permission from the PEI 
for this phase I trial (EudraCT-Nr.:2012-004037-17, Date of 
registration: 30th of August 2012; Date enrolled first partici-
pant: 11th of September 2013). A manufacturing license for 
tissue procurement acc. to § 20b German Medicines Law and 
for manufacturing of the advanced therapy medicinal prod-
uct (ATMP) “BMC2012” acc. to § 13 German Medicines 
Law, the autologous cell-based study drug, was obtained 
from the local regulatory agency (Regierungspräsidium 
Darmstadt). The study was registered in the European Clini-
cal Trial Register as EudraCT No. 2012-004037-17.

After regulatory approval 10 patients were recruited after 
informed consent and completed follow-up between Septem-
ber 2013 and 2014 and published in 2016 [70].

Criteria for inclusion to this clinical trial were 2-, 3- or 
4-fragment fracture (Neer classification), dislocation of 
≥ 10 mm between fragments and/or angle of ≥ 45° between 
fragments and/or dislocation of tuberculum major of 

Speed Time

5 mm

and/or

Cultured cells
(MSC/EPC)

Different approaches + control
(autologous bone) 

Prepara�on of cells

8 weeks
healing �me 
then sacrifice

Male athymic rat 
(250- 300 g)

5 mm defect
of the femur

BMC
A B 

3-Point bending test
- Ul�mate load
- Bending s�ffness

µCT-Analysis 
- BMD
- Callus forma�on

(Immuno)Histology
- HE, Movat-

Pentachrom
- Osteocalcin
- α-SMA (blood

vessels) 

Gene expression
in defect area

Fig. 4  General scheme of the experimental setup to test various 
human cell types or scaffolds regarding their effect on bone healing 
is depicted in (a). The analyses made to evaluate the bone-healing 
response consist of µCT analysis to evaluate BMD and architecture of 
the new formed bone in the defect area, the same samples will be then 
used to determine the mechanical strength of the defect site using the 

three-point bending test. Additionally, RT-PCR to analyze the expres-
sion of genes involved in bone repair is performed using small sam-
ples from the defect site. Those bones were subsequently subjected 
to (immuno) histology to localize structures, cell types and protein 
expression in the bone defect (b)
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≥ 5 mm, age > 18 years, informed consent for surgery and 
study participation.

The study was a single-arm uncontrolled study. All 
patients received cell-based therapy with autologous 
BMC: open reduction and internal fixation (ORIF) of the 
fracture, augmentation with composite of an acellular bone 
graft substitute (β-TCP) and BMC. Concentration of BMC 
was 1.3 × 106 BMC/ml β-TCP analogous to the prior ani-
mal experiments.

Five follow-up visits for clinical and radiological con-
trol up to 12 weeks were performed and neither morbidity 
at the harvest site nor morbidity at the surgical wound 
site was observed. Furthermore, neither local nor systemic 
inflammation was noted. All fractures healed within the 
observation time without secondary dislocation. We con-
clude that cell therapy with autologous BMC for bone 
regeneration appeared to be safe and feasible with no 
drug-related adverse reactions being described to date. 
The impression of efficacy was given, although the study 
was not powered nor controlled to detect such [70].

Therefore, a phase IIa-clinical trial was initiated to eval-
uate the effect of autologous BMC on bone healing. For-
mal study protocols for a multicentric, open, randomized 
phase IIa trial (EudraCT-Nr.:2015-001820-51) were gener-
ated and approval of the local ethics board [369/15] was 
obtained. A total of 94 patients distributed prospectively 
and randomly in a 1:1 relation to verum (BMC) or con-
trol group (β-TCP) is estimated and until June 2017, 24 
patients have been already enrolled. We expect a study 

duration of 2–2.5 years and are eager to see if the phase I 
results can be demonstrated in a prospective randomized 
trial. The study design is shown in Fig. 5.

Discussion

Alternative approaches ultimately based on the transplanta-
tion of vital bone-derived cells, respectively, bone material 
within the operative procedure by direct separation were 
previously evaluated by other groups [71, 72]. But up to 
date the large majority of patients still receive complete 
cancelleous bone graft from iliac crest or femur [73], which 
has the disadvantage of donor-site morbidity and limited 
material. Other approaches such as the use of nonviable scaf-
folds [74] cannot demonstrate a sufficient biological activ-
ity and guided bone healing. Thus, the advantages of using 
minimally manipulated cell drugs as opposed to ex vivo-
cultivated stem cells are apparent. These include the risk of 
transmitting infectious agents with the cells, high laboratory 
costs and the risk, although probably small, of malignant 
transformation of long-term cultured cells [63–65].

Other treatment options to bone marrow processing 
for enrichment of vital progenitor cells have also been 
taken. Thus, concentrated autologous bone marrow aspi-
rate was implanted together with a scaffold consisting of 
hydroxyapatite into bone defects and reportedly lead to a 
significant bone healing in almost all cases [75]. Of note, 
although clearly fulfilling the criteria of an advanced therapy 

Fig. 5  Study design of the BMC 
IIa-clinical trial (EudraCT-
Nr.:2015-001820-51)
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medicinal product (ATMP) and hence requiring a manufac-
turing authorization and some kind of marketing authoriza-
tion, these cell products were not regulator-approved at that 
time.

The metaphyseal fracture model we use in our clini-
cal study was chosen to show a general effect of BMC in 
bone healing in human. The model is consistent feasible 
and comparable. In rats, we were able to show that BMC 
support bone healing in diaphyseal segmental defects. To 
the effectiveness of BMC in diaphyseal segmental defects 
in human further models are being developed.

Conclusion and perspective

Our research history demonstrated the great potential of 
various stem cell species to support bone defect healing. 
It was clearly shown that the combination of different cell 
types is superior to approaches using single cell types. 
We further demonstrate that it is feasible to translate pre-
clinically developed protocols from in vitro to in vivo 
experiments and follow positive convincing results into 
a clinical setting to use autologous stem cells to support 
bone healing.

With this review, we aimed to demonstrate a possible 
translational pathway from in vitro over experimental 
in vivo data to the clinical situation, which is possible 
in an academic setting. Furthermore, the clinical studies 
allow again a translation from the clinic to the bench. In 
particular, we attempt currently to improve the BMC-sup-
ported observed bone healing by further studies including 
optimization of scaffold formulations, evaluation of opti-
mal cell concentrations, improvement of angiogenic and 
osteogenic properties of BMC by modification of certain 
µRNAs and of the analysis of effective cell populations 
within BMC. These experiments are performed in paral-
lel with the phase IIa clinical study to improve hopefully 
possible further research.
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