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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
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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 Jéager 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
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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
MSC:s 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 Ila) 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-f [32] but are harmed by increased concentrations of
TNF-a, IL-1p [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

@ Springer



R. Verboket et al.

652

dnoi3
Ng pue DgD] Joj 9[qeredwiod a1om sojer uorsn, “K)piqiow
pajerdosse-uoneidse N g ON “siuaned 7/ Ul pasn sem uon
-eX[ POI-Tenp YIIM UONBIUSWNNSUT [eJuowISes “XInjeur
QUOQ PIZI[EISUNAP pue (JAF) MOLIEeW Juoq snoSojone Jo
1JeI3 A1s0dwod “SA 1JeISO[[B SNO[[2OUBIOINIOD PILIP-IZIQI)
'sA (DEDI) 13eIS 2u0q 15910 SBI[T SnoSojone :sonbruyo)
SunyeId auoq JUAIYIP 921 PIm Apnis 9AN0adsonay
s1s£0 Quoq [erowedIun
Jo JuowaSeurwW 9y} U PIOIA)s Jo uonofur yum paredwod
NG Jo uonosfur snouagoine Jo asn oy} J0§ UMOYS 9q P[NOd
95ejueape oN ‘suonesrduwod oN "pIoIdls I3lJe %eh Ul pue
pasn uaaq pey N Joije sjuaned Jo 9/ G ur parmbar arom
suonoafur pejeadoay “(suonosfur gg) uonesridde proxdls yiim
syuaned 69 *sa (suonodafur £7) NG Yim parean syuaned 41
$15£9 9UOQ [BISWEIIUN JOJ JUSWILAI) JAIIOY
UE SI MOIIBW QU0q SnouaSoine Yim pajuswSne Xrnewr
QUOQ PIZI[EIAUIWIP J1OUASO[[e JO UonIS(Ur SNOAULBINIIN
SIoqUINU [[99 pue J-N.JD IOYSIY YIIMm SINSI 10)9g
‘A[reonaysordopua paserdar sdiy 44 Jo no ¢g ‘sode)s asdef
-109-150d uy "Afreonayisoxdopus paoerdar axom sdry Gy jo
M0 6 (II-1 0OYUV) so3ess asdejoo-axd ur sjnsa1 pooT A1oA
"peay [eIOWR) Y} JO NAY JUauean) ay) ul 9Jenuasouod g
snoSo[oine Jo Uond[Ur YIIM uoneuIqUIOD Ul UoIssaidwoosp
9109 J9)Je STEdK ()]—G SUWI0INO [BIIUI[D A} JO UOHeN[EAH
QWooINO
aanerado-isod ayy souangur Jysru Sunyeis MolIew uoq
ym 3s£0 oy Jo Surpry oy Jo sseusyerdwod pue ‘uonemnooy
-1[NW ‘9ZIS ) S Yons SI0JOB] JeY) PIPN[OU0d SIOYINY
"Pa1INdaI S1SA9 ‘syuaned XIS U] *$)09Jap [ENPISAI PIMOYS
$1SAD 921} SeaIoyM ‘sjudried om) UT Parmdd0 Julfesy
9191dwod :$35A9 Quoq ur uondafur morrew Juoq sno3o[oINy

(suoneordwos ou) juswiesn
I0)Je SYIUOW Q4— ] PIASIYOE sem Sul[eay duog ‘SyIuow 4
uIylim SUIfOPOWI [ LWl PIMOYS PUB PIJEPI[OSUOD
AJres1So[orper 21om $ISAS O, 'SYOIM § UIYIIM SINIANOR
[INJ PAWINSAI pue syoam g e da1j-ured aweoaq sjuoned
9} [[B :MOLIRW U0 SNOUAZ0INE JO U0NI(Ul SNOJUBINIIS]
uone}
-ue[dsuer) auoq snoJojoine JIoJ se synsal dwes ) paonpoid
uoneoridde NG snoJojoine jey) 310dar s1oyine Ay, 'Sased
uQ) uI Jur[reu AIe[[npawenul [euonIppy ‘Ised 1ase[d yim
jusunear) aanerado-1sod * uorun-uou,, Jo sisoIyjrepnasd
[e1qn ur (JNg) molrew duoq snogojoine jo uonedrddy

LL

6L

1Ko quoq ¢

(sdig 681) 911

s18K0 9uoq 71

S15K0 9uoq O]

0¢

uorsnj reurdg

18K0 Quoq [eIoWedTU )

[eIowesTU)

(diH) NAV

orduig

ordurg

SISOIYIEPNAsq

ouidg

1g-Srdr

wy-Srdr

JI0D

sIq L [ dsoH [ing

1g-Srdr

YIOD

£00¢

200¢

00¢

2002

6661

9661

1661

(18] 'Te 10 9o11d

[08] "Te 3o SueyD

[6L] ‘Te 10 Jei3noy

[82] 'Te 12 no3ruroy

[LL] Te 10 950

[9L] T2 10 9910

[12] 'Te 10 £frouuo)

SInsoy

sjuaned 7

109Jop Quog

[euInog

Teox

oyny

s10pIOSIp Sureay auoq Io s)0a§ep suoq ur Aderay) [[00 1o3je sarpmys paysijqnd Inoqe MIIAIAQ | d|qeL

pringer

Qs



653

Autologous cell-based therapy for treatment of large bone defects: from bench to bedside

uonouny Jo A19A0921 9)2[dwWo)) "PaLINd0 2UNIRIJ [€d
-130710yjed OU ‘90ULIIMNOAT ON "(SYIUOW 7'G () SYIUOW §—G'¢
urgim 3urpeay 9)o[dwo)) "auoq 1JeI3o[[e Yl YIm paulq
-WO0J MOLIEW U0q snoFojone A Jo uonejue[dsuel],
uorssa1dwooap 2109 aunnor Ylim aredwod 0y
QImyng oy ur papaau Apnis 9A130adsord pazrwopuel y nsox
Y Joyleq Ay ‘SIS Yy JarfIes oy, ‘SO snoSojoyne
yim paurquiod uoissardwooap ooy oidnnur snosueinored
SasBd 9} JO %4,] Ul KAJIpIgiowt
9)IS-IOUOP INq *, SUOISNY APOQISIUL,, UT 9JeT UOISN] Y} pasrel
suonejue[dsuen auoq sno3ojoiny ‘sdnoi3 yjoq JIoj Snsax
[euonouny Jefrwis ‘sdnoi3 yjoq 10y soJeI uoIsny requuin|
[exoreoI9isod aures oy, ‘uonejuedsuen auoq sno3ojojne
'SA (urw (g :owr uoneqnour) aendse N g snoSojoine
m pareqnour rsodwod [ uaFejoo-yH Sursn Aderay,
uowISaI 9A0qE JY} JO UOHENIUT I3}Je JNOJ0
aInjoe1y Aue prp Jou ‘aInpasord ay) 03 paje[ar suonedIdwod
JUBSYIUSIS OU d1oMm I, ") ISIB[ AY) J& UONBOYISSE[O
I99N 9y} 0) Surproooe syuaned [[e ur paroidwr sem dwWoIN0O
oryder3orpey ‘3urfeay 1sA9 939[dwod 9AIYOE 0) UOTIUIAIIUT
puod9s & parnbar sjuoned om], ‘dn mo[[oy 1saje] a3 e
onewojdwAse axom syuaned [y "S1SA0 auoq ur uondafur INg

SNAD Jo Iaquinu Y} pue uon
-BIOUAZAI SNJ[BD USIMISQ UONB[ILIOD JANISO] "SISBI €6 Ul
Sureay :uoneSNLNUSd JUAIPEIT A)ISUSP Io}E LI/S[[9D IO}
-uadoxd 1711 F 6,57 03 paredwod djeiidse ay ur (WIO/S[9D
Jo0yuagord $¢ F 719 :9Jenuaduod Ng S O Jo uonoafuy
suonjeordwod pajejar-uonejuedsuen oN ‘Adeioyy [[90 191je
el uoissargord NAY 1omo[ pue juswasoldwr [euorouny
‘ured ur uononpal JuBOYIUSIS ‘SYIUOW 7 UNPIA “(sjuaned
u9)) orexidse g + uoIssardwodap 2109 *SA) uoIssaIdwooap
210D "I S98eIs ODYV Ul Pedy [BIOWS] ) JO SISOIOIN
(%7T1) Sased 7 :20udlx
-INOAI (%¢ 1) sosed ¢ :asuodsar oN (%9/) sased ¢ :Sureay
aA1ssa13o01d pue 3sA95 9y JO UOISSAITAI MO[S "SYIUOW G ¢
:NA "NE Jo uonosafur pue uoneldse snoaueINIIAJ

el

(sdiy t¥) 82

0¢

61

09

(sdry 81) €1

L1

1sK0 quog  3Ing NSUOOIY UZY [ UIyD

(dig) NAV

suorsnj reurdg

15D 9UOQ [BIQWEIIUN JATIOY

(e1qn ‘orydone) suorun-uou/SISOIYIIRPNISJ

(diy) NAV

15£9 auoq ordurg

[oyewnely, [ urg)

quidg

doyniQ oteIpad [

wy-Srdr

wy-srdr

doyyaQ meIpad [

L00T

900¢

900¢

§00t

§00¢

¥00¢

£00T

[88] Te 30 Sueq

[£8] Te 10 uex

[98] Te 10 usaN

[¢8] ‘T8 15 so[nodoeuey

[#8] ‘Te 30 no3ruroy

(€8] Te 3o HSuen

[z8] Te 10 9mboo

SInsoy

syuaned A7

109Jop duog

[eunog

Teox

oyny

(ponunuoo) | sjqey

pringer

a's



R. Verboket et al.

654

©IqU} 9Y) JOJ SI[NST SIOM

'd¥d/DSI Aq Surfeay duoq jo uonenums oN d¥d/JISW
oy syuaned (g9 :dnoid [onuo) I YPIm 191303

SDSIA PRIBATIND OAIA X9 Jo uonedr[ddy *Apnis 9A0adsonay  (SOTw030a)so [G) 8T

Surpuad synsay
‘NG uewiny woiy sDSIA Jo uonodfur doys-auo pue 800
sn[el oY)
Ul $)09J9p [BIPUOYD03)SO Ul delidse A g sno3ojone Jo uon
-eordde pajsisse-Adoosoryire 19)ye sjuawaAoxdwr [euonoun,j
suoneordde 101
ur DV sno3ojoine Jo st uonedrdwod mof ay3 Jo Jooid
Quoq
SNO[[9oUBD SNOFO[OINE YIIM UONBUIQUOD Ul (DVINE) d1en
-U3JU0d MOLIBW dU0Q Y3NOIY) UOIRISUZAI 9UOq JUBIYIUSIS
S9SBY Y] JO %8 Ul SuIfedy
Quoq ‘syIuowW /8°9 F £ H¢ UnIpy ‘suonedordwods oN ‘NG
sno3ojojne jo uono3fur snosuendoiad JJo-ouo WNWIUIU
SOSBI Y] JO %] °G6 Ul uoisny [eurds ‘SyIuowW G'4¢ 1)y
"1opua3 uo Aouopuadop ou Inq ‘oFe Sursearour YIm SHSIA
ur doi "(¢'¢ :dTV-SNAD) 10108} uonenuaouo)) ‘(Y g eI
uoneInp) 2JeNUAdUOD A YIm pajeqnoul 4D, Jo uonedrddy
SuonJJul ON "SISKd
01 JOINO G :g "SA S1SKD € JO INO @ 1Y SYIUOW 4 G UTYIIM
oyex 3urpeay '(g) NG snoojone + 1opmod duoq paziferd
-urwap Jo uonaafur ‘sa (y) JNg sno3ojoine + auoq Jouop
oruagofe eyae jo uonesrdde £1031ns uado :sdnoi3 Aderoyy
OM], "SnauBI[Ed ) JO §)sA0 Quoq [erowredrun jo Aderayy,
QWIO0INO [BUOTIOUNJ ) UT OUIYIP Jueoyrugis oN “(g)
%TY “SA (V) %ET sTeak om) uryiim ajel Surfeay “(g) duoj
-ostupaxd[Ayjowr Jo uonoalur “sa (y) NG snoSojoine jo uorn
-09(ur :sdno13 Aderoy) om], ‘Apms aanoadsoid ‘pazriopuey

Surreay aaa1ydE 03 suondafur arow parmbar pue ampasoid
Q[3UIS B J3)JB SQOUALINJAI JAYSIY pamoys dnoi3 prorals
‘IRIWUTS 9I9M SPOYIOW [}0q JO SSIINS JO SAJBI [[BISA0 o}
ysSnoyiry (S0°0 > d) %€ "SA L'TH :ompadoid [eniur 1ojye
92UDIINDAI JO Y (500 < d) (9¢—L) spuowt ¢y = J
(ze—p) spuowr ¢ :[eATa)ur Surfeay a8e1ony *(50°0 > d)
(6-1) LS'T 'sA (S—1) 61°C :seanpadoid Jo roquunu UBIJA
*dnoi3 A g 9y ur (0°ZS "sA dnoi3 pro1dls oyl Ul % ¢ €7
191e1 $5900nS [eNIu] “(60°0 < d) A19A1N03dsar ‘(g6 s
198 :SAJeI $S900NS [[BIAQ) "SunjeIi3 molrew auoq Aq s[e
-NPIAIPUL §T “SA UONO3[UI pro1dls Aq pajean syuened (¢

SOIW0J0)SO SUTUAY)SUS] [EIOWS] “SA [RIqLL,

11 sisoryirepnasd ‘s}09Jop 9u0q pAJe[I-2IN}oeL]

doyyiQ neIpad [

YT BIUA

JI0D

Ay doyiip

LIOSO

doyiQ g

s[erIjeworg

oPjuY 1004

wy-Srdr

Ig-Srdr  L00¢

600¢

600¢

600¢

600¢

600¢

800¢

800¢

800¢

800¢

[S6] ‘T8 10 yoiry

[v6] Te10 S

[02] Te 30 wiuuerH

[6] Te 30 YoupusH

[9] "Te 10 133e(

[€6] Te 10 wezwey

[26] T8 30 uvD

[16] T8 10 yred

[06] Te 30 3ySm

[68] Te 19 0UD

SInsoy

8y (sn[ej) suoISI[ [BIPUOY0ASO

101 NAV ‘$103J9p suogq

01 $)09Jop auog

74 $1sK0 ouoq K1e31os

8% suorsnj reurdg

(51869 €7) 0T S1SK0 auog
LL $18K0 suog

(89) 8¢ 15K ouog
syuoned N7 109Jop Quog

[euwInof JIeoX

-

)

o0

g

loyny a,
w

4l

(ponunuoo) | sjqey



655

Autologous cell-based therapy for treatment of large bone defects: from bench to bedside

Sureay 2InjoeI} 91LIS[900E 0 POYIOW 9ATIOYS pue ojduwrs
® se pareadde uonos[ur oy ‘uorun [ed130[0IPLI PUE [BOIUI[D
PIAQIYOE SINJORIJ AJUSM) AU} JO INO UIIJQUIN] “9JIS QINJORIJ
oy ojut A[snoaueinorad pajoafur sem delidse molreur auoq
AL, "uono2fur MOLIEW dUOQ B )IM PIJeI) 9IoM UOIUN-Uuou
IO uotun pakeap Y SaInjoesy paxy A[[euIour yim sjudned

UQ9S Sem 9)eIouasar

oy} oyur uonOSAUI [[99 JO SIOQJ ISIQAPE ON] "SI JYS1o

[Te UI PIARIYOL Sem 2JeIdUd3I YY) JO UONEPI[osuod Auog
"wa)sAs uoreyrodsuen o[qed Are[npawenur ue Jursn Swesj
[BUI)X? AOIRZI[] payIpow & 3ulsn Aq aseyd uonoensip ay)
JO pu2 2y} J& 9JeI2UFI A JO ANUID Y Ul pAjdafur £[sno

-oueinoxad sem (QVIANF) 91enuou0d uonesidse molrew uog

sdry g Jo 9 ur paxIMod0 peoy [eIoWwa) Y} Jo asde[[0o a10Ads
nq ‘AydoniadAy suoq pamoys dnoi3 [0NUO)) "PaIINId0
asdey[oo 2A1su)X2 03 uoissardord ‘dnoid DNINING U Jo
syuoned ¢ uy *dnoIS NG oY) UT QUOZ UOTIISULI) A} UT SUOQ

) jJo AydomiadAy 01 Juanbasqns paAIasqo sem UOISI[ I1I0I0
-U02JS0 Y] JO UONONPIY "Peay [BIOWSJ A} JO NAY Ul A[U0

VH 'sa (VH) oimededAxo1pAy qim paurquiods (SONINING)
S[[99 JES[ONUOUOW PIALIOP-MOLIRW-dUO0q JO Uonejue[dsuel],
[eLoyew Surijess oY) JO UONBNUIOUOD pue
ampaooi1d oy} Jo UonEZIpIEpUE]S [JOq OJUT APNIS PI[[ONU0D
SJUBIIEM PUE 9N[BA JBAIS JO ST SSO00NS PIAIISqO ) ‘SISBD
359 Jo Ajrxordwod ay) uoAI3 pue ‘anbruyo9) s1y) Suisn
PAASIYOE AIOM SI[NSAI SUISTWOI] "$)09Jap du0q [eIuawSas
ojur pajuefdsuen; pue uoseylowexap £q pajean a1om (VL)
JojeI1dse-10)eSLII-IOWRl B AQ PISOATRY S[[90 MOLIRW dUOg
€ Jnoqe
sem DVIAL "SA NG WOIJ S[[90 Jea[onuouou Jo J0Joey uor
-BIUQOUOD A, *% /"€ 19Vl aIn[ref [[eIoa( “ooeds jurof oy
Jo Surmodreu 1o asde[[oo peay [erowa) pAIqIYx2 sdIy g
oys Jo 1 ‘Afredt3oforpey “sdry oy Jo %6°TT U (] UNpLs
Juowaoe[dar diy "9/ 6. ul [ngssadons Afedrur)) “(111-1

0c

(sdwy 0¢) 2z

el

uoIuN-uou 1o uorun pakepq

109JOp 2UOQ OTJBWINEIISO]

(diy) NAV

199)Jop Mauﬁoawow 1O uorun-uoN

S[og doyirp w10V €10

Ay domio 710

1q-Srdr 010¢

doyuQ L Q10T

[101] e 30 wossey]

[001] ‘T® 10 uueWSSAD)

[66] T2 1 myesewrex

[86] T8 10 _IIIA

a3e1s QDY V) Peay [BIOWS] 31 JO NAY Ul uonosfur JyNg (sd1y 69) sp (di) NAY ~ Smg ewmnely, doyiiQ yary 6007 [L6] 'Te 12 Suepm
s[1oo J03tud3oxd Jo roquinu y3ry v
sem ss0ons Aderay) e 103 10301pai “sjuawede[dar diy onety
-so1dopus §g ‘SIeoA §1—8 191V "UOISSaIdWOo9p 2100 © PIMm
uoneUIqUIOd UL [[-] S95€IS QDY VY UI AdeIdy) ([0 sno3ojomny (sdy $¢6) THe (dry) NAV doyyQ [ uerpul 6007 [96] Te 30 no3TuIOH
SIINS9Y mucoﬁﬁm N J09J9p 2uog Jeulnof Jesax Joymy

(ponunuoo) | sjqey

pringer

a's



656

R. Verboket et al.

Table 1 (continued)
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Springer

osteotomy site in distraction osteogenesis of the tibia. The
treatment group showed faster healing at each cortex and

full weight bearing was permitted earlier in the treatment
group than in the control group, although the effect size

was small

Delayed union or non-union 49 Percutaneous BMAC injection was combined with either

2015 HSS1J

Desai et al. [103]

DBM and/or thBMP-2 in delayed union or non-union

patients. It was shown to be a safe and effective treatment

regardless of the fracture gap size or fracture site

Diabetic patients were treated with bone marrow mesenchy-

Non-union (ankle) 86

2015 Int Orthop

Hernigou et al. [104]

mal stem cells (BM- MSCs) delivered in an autologous

bone marrow concentrate (BMC). Treatment with BMC
promoted non-union healing in 70 among 86 diabetic

patients with a low number of complications. Treatment

with BM-MSCs showed improved healing rates compared

with standard iliac bone autograft treatment

EPC + MSC
Characterisation, EPC + MSC EPC + MSC
regulation in Cytocompatibility Effect on bone healing
trauma [32-34] assessment [59-61] in vivo [63-65]

| | | >
2004 - 2007 20009 - 2013 2009 - 2014

BMC

BMC Effect on bone BMC BMC

Cytocompatibility healing in vivo Clinical phase |  Clinical phase
assessment [49, 67]  [48,69] trial [71] lla trial

| | | | >

2012 - 2017 2012 - 2017 2013-2015  2016-2017

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

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
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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-p1, 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

F—10pm —

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: B-TCP; B: B-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 (B-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 Ca®*. 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 B-TCP scaffolds being chemically
identic but different in their surface topography. Both cell
types demonstrated a high adhesion and survival rate on the
B-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

@ Springer

with up to 40% bioglass (BG40, CaO-SiO,-SiO, 80 mol-
%, Ca0 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 B-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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Fig. 3 Differential adhesion of
EPC on biomaterials. Adhesion

of cells is strongly correlated B-TCP,

to the surface characteristics of .

the biomaterial. Despite being supp lier A

chemically identic, cells show

tremendously different adhe-

sion on B-TCP from supplier A

compared to the B-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 B-TC P,
supplier B
processed
human
spongiosa

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. B-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. B-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

EPC on scaffolds

Surface of scaffolds

responses of the B-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 3-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 (f-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].
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Preparation of cells

and/or

y |

Cultured cells
(MSC/EPC)

Different approaches + control
(autologous bone)

T —

5 mm defect
of the femur

8 weeks
healing time
then sacrifice

Male athymic rat
(250- 300 g)

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 uCT 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

BMCiin clinical use, phase | and phase lla 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 + 3-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

@ Springer

Gene expression
in defect area
UCT-Analysis

BMD

Callus formation

(Immuno)Histology

- HE, Movat-
Pentachrom
Osteocalcin
a-SMA (blood
vessels)

3-Point bending test
- Ultimate load
- Bending stiffness

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)

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 (Regierungspridsidium
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
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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 (B-TCP) and BMC. Concentration of BMC
was 1.3 x 10° BMC/ml B-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 Ila-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 Ila 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 (B-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 ‘
Ila-clinical trial (EudraCT- Pat:'e“‘ WIthfprotmmaI
umerus fracture .
Nr.:2015-001820-5 1) . X-ray (exact recording
l - both study a angle)
- 2 arms . blood sampling (safety lab)
: f 1st week . concurrent medication
patient screening . d p
study inclusion yes / no postoperative adverse events
randomization
- ¥ both study . X-ray
B arms . blood sampling (safety lab)
> 6th week . concurrent medication
= control-arm verum-arm postoperative adverse events
‘s n=47 n =47
>
bone marrow E X-ray
collection [ functional testing
¥ = both study (DASH-Score)
S arms blood sampling (safety lab)
manufacturing of 12th week i concurrent medication
the investigational postoperative adverse events
product + serology o '3'?;‘
L + quality check
v
v
surgery and T .
i::l?;?;ii:dof implantation of participating centers:
scaffold = . . .
scaffold + BMC2012 1. University Hospital, Frankfurt
L l J 2. BG Trauma Center, Frankfurt
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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
URNAs and of the analysis of effective cell populations
within BMC. These experiments are performed in paral-
lel with the phase Ila clinical study to improve hopefully
possible further research.
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