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Abstract — The purpose of this study was to investigate thierngial of Mesenchymal Stem Cells (MSCs) obtainednfr
patients suffering from fractures to proliferatel afifferentiate towards osteogenic lineage withuke of autologous serum.
In addition the effect of medium supplementatiorthwihe use of autologous serum obtained at diffetiene points
(patients’ admission, first, third and seventh pmstrative day) was investigated. In total eightepes suffering from lower
limb long bone fractures with mean age of 39 (raBge 68 years) were included in this study. MSCsewsolated and
cultivated in 10% of either Fetal Calf Serum (FCSaotologous serunCellular proliferation was examined by XTT assay
and Vybrant assay. The osteogenic differentiaticaas \assessed by total calcium production and atkgimosphatase
production. Cellular proliferation and osteogeniffedentiation was significantly statistically highe patients’ serum
obtained on admission than in FCS. A negative eftactproliferation was noted with serum obtained the first
postoperative day. Subsequently, both proliferatma differentiation were gradually increased watitologous serum
collected during the '3 and " postoperatively daysAutologous serum obtained after fracture is supeirioterms of
proliferation and osteogenic differentiation to therently used FCS. Surgery seems to have a negaffiect on the quality
of serum. These findings should be considered sesavhereex-vivo expansion of MSCs is needed. Recuperation of
serum’s quality takes place at a later time poiithhiw the first weeks after fracture.
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signals which force them initially to proliferate i
INTRODUCTION order to increase their number and then to
Mesenchymal Stem Cells are highhﬂiﬂerentiate towards osteogenic or chondrogenic

. . . dH ,6,27 .
involved in bone healing and bone regeneratlon‘eagess- A large number of animal models

They are non-hematopoetic, stromal cells th&yave described these cellular events but few data
exhibit multilineage differentiation capacity €Xist in humans concerning the production and

being able to give rise to diverse cells likd€lease of growth factors in peripheral blood and
adipocytes, osteoblasts, chondrocytes, myocytégglr exact mechanism of actlon: Therefore, it is
tenocytes and possibly neural céfs. yet unclear whether bone healing represents a

Bone healing is a well orchestrated, comple¥cally based biological process or there is also a
cascade of events aiming at the restoration of tg¥Stémic involvement.

continuity of the fractured bone and finally the  BOne regeneration and tissue engineering
remodeling which will allow bone to return to itsWith various techniques including scaffolds, slow

pre-fracture shape. Signals for this process releasing growth factors, isolation and ex-vivo
derive from several cytokines, cells and growtgxPansion of MSCs repres%rlg modern  and
factors which are released during the healin@tractive ways of treatmeht™ Till now,

procesS?’ MSCs are the main recipients of thesdarious animal models together with the limited
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clinical work support the beneficial role thatex-vivo expansion. Serum free media seems to be

these cells could play for the regeneration dhe most appropriate approach but it is not fully

various tissue$* A major limiting factor for explored yet. We believe that autologous serum

the widespread use of MSCs is their rarity ifior ex-vivo expansion is currently the best choice

tissues, especially in trabecular bone and bométh the lowest risk in the clinical setting. The

marrow. Bone marrow aspirates contain MSCs asm of this study therefore was three fold. Firstly

less as 0.01 % of the whole number ofo assess whether human autologous serum is as

mononuclear cell$® In addition, MSCs isolated good material for proliferation and osteogenic

from other tissues including fat and muscle hawdifferentiation as FCS. Secondly, to investigate

been found less prompt to differentiate towardshether there is an optimum timing for

osteogenic and chondrogenic lineages, indicatirmgitologous serum isolation post-operatively (is

that their use for bone regeneration is limed. late postoperative serum as good as the early post
In the clinical setting, MSCs could be usedracture one?) Thirdly, to indirectly evaluate

in two ways. Firstly, as bone marrow aspirateghether there is an associated systemic response

together with all other bone marrow ceil$'** contributing to the localized fracture healing

or secondly isolated and ex-vivoprocess enhancing the proliferation and

manipulated®*"*® Both approaches seemed tdalifferentiation of osteoprogenitor cells.

have favorable outcomé§!*?*323738 Bone

marrow aspirates with subsequent injection of MATERIALS AND METHODS

autologous bone marrow in non-unions have

been proven capable to initiate healing and repaéblation and culture of MSCs

of bone defect®® In femoral head Trabecular bone pieces were isolated fBopatients

osteonecrosis bone marrow injection plays after written consent and approval from the loctifios

b ficial | fi t . cpmmittee. All patients had sustained lower limbhgdoone
enencial - role - promoting  0Steogenesis  anfl, . res (femoral or tibial). The average age ®@s/ears

. . 8’12 . . . . A -
angiogenesié®*? In addition, in chronic skin (range 22- 68 years). The bone pieces were weighted
wound, it has been shown that autologous bomeshed thoroughly with PBS (Invitrogen, #14190-094).

marrow can accelerate the process dihey were transferred in Eppendorf tubes and 1 fl o
regeneratioﬁ'39 collagenase 0,04 % (StemCell Technologies, #079G%) w

. . . .added for 4 hours (8C, 5% CQ). Nucleated cells were
MSCs isolated and ex-vivo manipulated iSjtered through a Cell Strainer (BD Biosciences, &)
an alternative of bone marrawjections together and the remaining bone pieces were discarded. Elis c
with diverse applications with the use ofwere normalized according to the initial bone wei@h3 gr
i r flask) and plated in flasks in medium composéd
ScaﬁOIdS. and growth factors. The.heahng Of bo EM zlnvitrogen, #61965-026), 1% peniciIIiFr)1 and
and cartilage defec_t_s as well ':’_‘S tissue %Qg;gsee@ ptomycin (Invitrogen, #15140-122) and 10 % &Sk
bone has been facilitatedth this method>>""™ (stemcell Technologies, #06750). When cells reached
Utilisation of these techniques results is a highepnfluency they were trypsinised (Invitrogen, #134%4)
number of MSCs but the choice of serun@nd splitted till passage 3 (P3). At P3 they weozdn in

contained in the expansion medium remains afiuid nitrogen prior further use.

Important issue. Isolation and preparation of Human Serum

Media commonly used today contain heat From each donor approximately 15 ml of peripheral
inactivated fetal calf serum (FCS). MSCgenous blood were collected on admission, firstdtand
themselves are low immunogenic and FCS he venth postoperative day. (Figure 1) The collectd

blood from admission took place 24 hours beforgesyrin

'naCt'\_/at'on Z(él(sesstroys viral parts and MICroy, patients whether the following blood samplesreve
organisms. '

UL _Thel’efore. the risk fo_r collected early in the morning before drug admaisbn
transmission of diseases seems to be relativelyd morning meal. The blood was collected into 10 m

low but is not inevitablé&® In addition, FCS Vvacutainer tubes without anticoagulant and allowedlot.

: : : lood was processed within 2 hours of collectionleviias
cultured MSCs carry fetal calf proteins in hig ept in ice. The clotted blood was then centrifuged 500

amounts ahd potential application may havem for 10 minutes and serum was extracted. Seras w
immunogenic effect®’ In fact, immune reactions aliquoted in Eppendorf tubes (Alpha, #cp5514). Heat

have been reported in cells cultured in F&S’ inactivation of human serum was not performed. Iina
Furthermore, life-threatening ~ arrhythmias irferum was stored at -80°C prior to further use.

clinical application of MSCs for cardlomyoplastyAnalysis of Proliferation

seems that have been avoided when human  cellular proliferation was assessed by two individua
autologous serum was used instead of ECSnethods. Firstly by XTT assay (Roche, #1465015) fiicty
These data have forced researchers to devemﬁtabolically active cells cleave the modified detlium

serum free media or to use autologous serum L XTT 10 a water-soluble formazan, which is il
measured by an Elisa plate reader.
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Secondly by the vibrant CFDA SE cell tracer kit, (Btular ~ Statistical Analysis

Probes, #v12883) a fluorescent dye binding to deffalar  All calculations were done on a personal compusangithe

phospholipids bilayer membranes of cells. This dy@ot SPSS software standard version 13.0 for Windows.

cytotoxic so is suitable for labeling and trackingllular ~ Assumption of normality was tested with a one-sampl

divisions. Kolmogorov-Smirnov test. Data are expressed as sean

The medium used to assess proliferation was DMENstandard error) or median (range) as appropriate.

containing 1% penicillin and streptomycin and 10d% Parametric and nonparametric data were compared ths

either FCS or autologous serum. Student’s t test and Mann-Whitney U test, respebtivlThe
cut-off value for significance was p = 0.05.

i) XTT.Cells was counted and two seeding densities of 4000

and 500 cells per well in triplicates (96 well plptwere

used. After cellular attachment to the plastic, thedium

was changed and 1Q0 of new medium supplemented with o oood - Bood - Blood

either FCS or autologous serum was added. Cells laftre  Fracture l l l l

to proliferate for three days. 50 of XTT dye was added

according to manufacturers’ instruction. After asubation Admission Operation 1% Day 70*
period of 4 hours (3T, 5% CQ) the plates were read at a

plate Elisa reader at 450 nm. The optical densivese
proportional to the number of viable cells. Figure 1. Time points of peripheral blood collection. (Ireth
i) Vybrant cellular division trackingCells were plated in arrow: time after surgery, Under the arrow: timeeaf
24 well plates in a seeding density of 10 thouszelts per injury)

well. After adherence, cells were labeled byulIml f

vybrant dye over a period of 15 minutes ifG75% CQ.

The dye was removed and washed thoroughly (4 timitk)

PBS. The media containing the respective serumadesd.

During the # 3% and %' day following initial plating, the RESULTS

cells were trypsinised and assayed. Propidium @dml, . . ,
Sigma,) was added to exclude fluorescent dead eels Medium  supplementation for MSCs
flow cytometric analysis was performed. cultivation with autologous serum isolated from

all postoperative days was capable to preserve

Analysis of Osteogenic Differentiation ; : ; AT

SN 5 § . ir biological activity in culture. In order to
Osteogenic induction medium was added in the Ptéhe 0l0g , Yy u O. .
cells. The medium contained 100Mn Dexamethasone Study the serum’s effect on cellular proliferation

(Sigma, #D1756), 10QuM L-ascorbic acid 2-phosphate two different seeding densities were used which
(Sigma, #A8960) and 10 mi#glycerol phosphate (Sigma, we have previously reported that respond
#G6251-10G). The serum content of osteogenic med'”ﬁl‘ifferently during proliferatio?f‘. In high seeding

was 10% of either FCS or autologous serum. . . .
i) Total Ca production assay density (4000 cells per well) it was obvious that

Ten thousand cells per well in triplicates (96 welhte) aUt‘?lOgOPS serum from admission upregulated
were plated. The osteogenic medium containing thproliferation by 12%, followed by a drop in the

respective serum was added and cells stayed ioreulor 15 post-operative day where no statistical

21 days. Cells were fed twice per week with fresitimme. g4 hificant difference was observed compared to
For calcium extraction the cells were washed wiBSRno

CaZ, no MgZ) and 50ul of 0.1 N HCI was added for 10 FCS_' Thereaﬂer’ a gra_dual 'chease of
minutes. The surface of each plate was scrapedttzmd Proliferation was noted during the’3and 7

content was transferred in Eppendorf tubes anddnike4  postoperative days (Figure 2). The highest effect

°C for 4 hours. For the quantification of calcium thegn proliferation was obtained at day 7 which was

Cresolphthalein Complexone method (Thermo, #TR2932 —210
was used and values were obtained using an El&@ pIJ[P.'Creased by ~21% compared to FCS.

reader. 30,
i) Alkaline Phosphatase assay

Alkaline phosphatase activity was measured afteddy® of
osteoblast differentiation. Cells were lysed and thg
supernatant was collected. 20 of cell supernatant was
added to 90ul of p-nitrophenyl phoshatase (Sigma, #N-
7653) and incubated for 30 minutes at’87 The absorption
was read with the Elisa reader at 405 nm. Prateintent |_—|
was determined (Protein assay, BioRad, #500-0114) an 0,00% T y T
normalization of ALP was performed. a & ¢ ¢
iii) Prostaglandin E2 assay Serum Supglementation

The total PGE-2 production of MSCs undergoing ostedy X .
differentiation was measured. During feeding, thézlgu_re 2. Pe_rcentage_of enhancement of cellar proliferation
discharged medium was assayed revealing the amafuntin Nigh seeding density compared to FCS (at 4008 per
PGE-2 present (R&D systems, #DE0100). The initiayvell)- a. Serum of admission, b. Serum of firsttppserative

medium content on PGE-2 was considered togetheramy 92y, ¢. serum of third postoperative day, d. sefcom
addition during feeding. seventh postoperative day. (*P <0,05, ns Not sizaity

significant difference)

<24h 48 h 4 days 8 days

20,00% 4

10,00% -

[

Proliferation increase %
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As far as low seeding density is concerne@steogenic differentiation
we could depict higher differences. In particular,  For the determination of serum’s effect on
serum obtained on the day of admissiomgsteogenic differentiation two well validated
enhanced proliferation by 33 % followed by anethods being calcium production and alkaline
drop during the first post-operative day. Then, phosphatase activity were used. Calcium
gradual increase was apparent during tAe3d production was found to be increased by 29 %
7" postoperative days by 38 % and 48 %when the serum from the admission day was
respectively (Figure 3). It's of note that thentle used. Serum from the first post-operative day had
was preserved for both high and low seeding slightly negative effect on calcium production.
densities. Vybrant assay showed the kinetics &ubsequently, an upward trend during tfleaid
MSCs proliferation (Figure 4). It validated the7™ post-operative day was noted (Figure 5). The
results of XTT revealing therefore thatalkaline phosphatase production followed the
autologous serum resulted in a more even asdme trend. It was increased by 45 % with the
homogenous proliferation. use of the serum from the admission day
followed by a drop during *1postoperative day

60.0% 1 *
% s00% | . and increasing thereafter from 40% to 51%
o] & . between 3 and #' post-operative days (Figure
g 6).
< 300% - I
£ 200% l
: 200% - |
S 100%
o =
2

producti

Percent of increase in Calcium

Figure 3. Percentage of enhancement of cellar proliferatior]
in low seeding density compared to FCS (500 cedls p
well). a. Serum of admission, b. Serum of firsttppsrative
day, c. serum of third postoperative day, d. seftom

seventh postoperative day. (*P <0,05) Figure 5. Percentage of increase of calcium content of

! autologous serum cultures compared to FCS. a. Sefum
admission, b. Serum of first postoperative daysezum of
Al third postoperative day, d. serum from seventhqpesttive
day. (*P <0,05)

40,00%
* * *
1 30,00% *
0,0% T T T ! ‘ 20,00%
,00%
a b c d
Serum Supplementation 10,00%
0,00% 4 T T
a b c d

Serum Supplementation

Vybrant
60,0% +
55,0% -

*
) 50,0% £
gl i 45,0% 1 *
Vybrant K *
40,0% 1
B 350% -
c i 30,0% -
I 25,0% 1
IR i
i o (3 T o 20,0% - . T T
8 a b c d

Percent of ALP
production increase

Vybrant

Serum Supplementation

M«M%m Figure 6. Percentage of increase of Alkaline Phosphatase
activity of autologous serum cultures compared @5Fa.
Serum of admission, b. Serum of first postoperatisg, c.

1 serum of third postoperative day, d. serum fromes#v
E i postoperative day. (* P <0,05)

Vybrant

Vybrant

PGE-2 production of MSCs was found
Figure 4. Vybrant assay: Cellular proliferation Kinetics. A. statistically significant higher only in cells
FCS culturgd cells. B Serum of admlssmn, C. Serufirsif supplemented with serum from th& and 7
postoperative day, D. serum of third postoperatiag, E. . .

post-operative days reaching values of 130% and

serum from seventh postoperative day. Red: day GkBla i
day 1, Green: day 3, Blue: day 5. 142% respectively as compared to the fetal one
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(Figure 7). However, admission and*® 1allogenic human serum resulted growth arrest
postoperative day serum supplementation slightgnd death of MSCS Our results suggest that
increased PGE-2 production without reachingutologous serum, isolated from patients
significant difference. suffering from fracture and within the first week
from fracture occurrence, has an up-modulatory
effect on cellular proliferation. This effect is
higher when low initial seeding density is used.

Eiﬁgﬁ We speculate that this effect is due to the
% oroon presence of circulating growth factors in the
E oo serum that have been released in the systemic
40.00% circulation as a result of the trauma sustained.
| ]
a b c d

160,00%

Percent of increase of PGE-2

Y, Zimmermann et al studied the levels of TGE-
BMP-2 and BMP-4 after fractute They

observed increase of TGR- serum levels during

the first two weeks after fracture, but they were

Figure 7. Increase of Prostaglandin E2 production fro
MSCs during osteogenic proliferation after respecterum nhnable to detect BMP-2 and BMP-4. The authors

use compared to FCS. a. Serum of admission, b. Sefumfurther suggested that serum levels of T@F-
first postoperative day, c. serum of third postafiee day, can serve as a marker for delayed uffiom

d. serum from seventh postoperative day. (*P <0;03Not  another study it was reported that circulating
statistically significant difference) levels of IGF-I gradually increase after fracttire

It is of note however, that a negative effect in

DISCUSSION cellular proliferation was observed when media

H t
The need of a high numbers of MSCs fol'cre supplemented with serum of the" 1
ostoperative day.

tissue engineering together with their rarity ir? Osteogenic differentiation was found to be

tissues underscores the need of thedvivo )
: . .upregulated with the use of human autologous
expansion. Serum supplementation iS . . :
; o . ... ... serum obtained from patients who had sustained
unavoidable as it is essential for cellular vidpili

. lower limb fractures. Our functional assays
In addition, research on the development @ X . ;
L . _ revealed higher calcium and alkaline phosphatase
serum-free media is on its way; however, their . U .
: . production being indicative of a higher degree of
use is not yet feasible.

: : ._.osteogenic differentiation. Again a negative
A dilemma exists on the most appropriate
: . . effect on both assays was detected after
choice of serum for medium supplementation: . ; . .
. supplementation of osteogenic medium with

On one hand, fetal sera are available and théir )
: - serum of the %L postoperative day followed by an
use is approved for clinical use but they carn

: ! ) ey crease with the use of sera of and 7'
risk for immune reactions and transmission o

diseases. On the other hand, human autologougostoperative day. PGE-2 production was higher
X ’ -when MSCs were supplemented with serum of

serum is the best option but its isolation %he 39 and # day suggesting a higher osteogenic
difficult activity and potentially higher BMP-2 and BMP-

Cellular proliferation is highly affected by . .
: : 7 expression as suggested by recent sttitties
the choice of serum. Several studies have been . . :
: ~Available studies present again convergent
conducted comparing autologous serum wit
. . : esults. Shahdadfar et al presented that although
fetal animal sera. Their results were divergent,

Koller et al found that autologous and aIIogeniE:nec“um supplementation with autologous serum

. . -2~ .ncreased proliferation of MSCs compared to
serum is equivalent to human plasma, but inferi

r ) . .
to fetal ser&. Similarly, a number of studies%ftal se_ra', '} failed to enhance osteogenic
: . differentiatiori’. On the other hand, Stute et al
suggested that autologous serum is equivalent or .
slightly inferior to animal sera but can be useauggested that autologous serum supplementation

for the expansion of MSCG&%34 O the other fesulted superior osteogenic differentiation

) compared to fetal sefa.
hand, some studies suggested that autoli)gous The finding that the serum obtained on the

serum is superior to fetal animal sérd®?*® .
Hankey et al presented a 134% increase of M 8r58t post-operative day has the poorest effect on
Cellular proliferation and osteogenic

proliferation with the use of autologous humarf]iifferentiation is open to a number of

serunt’. Likewise, Shahdadfar et al found tha ; . ) .
. . Interpretations. Firstly, due to the administration
MSCs proliferated faster in autologous serum . :
. of fluids (crystalloids) there may well be a
compared to fetal bovine serum but the use 0
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dilution effect of the serum circulating growth5. Dimitriou R, Tsiridis E, Giannoudis PV. Current
factors which constitute a normal physiologicag‘é?ce)IOtS of molecular aspects of bone healingryrj005,

. ) \ 12):1392-1404.
environment for the proliferation and6. Gajraj NM. The effect of cyclooxygenase-2 inhib&or

differentiation of MSCs. Secondly, on bone healing. Reg Anesth Pain Med 2003;28(5)465-
administration of blood products (transfusion) ag. Gangji V, Hauzeur JP. Treatment of osteonecrosthef

a result of the blood loss could affect the serumfgmoral head with implantation of autologous boreriow
quality in terms of neutralisation of growthcells. J Bone Joint Surg Am 20087 Suppl 1(Pt 1):106-
factors secondary to antibody reactions. Thirdlyy - Gangji v, Toungouz M, Hauzeur JP.Stem cell therapy
surgery exerts an immunologic burden anfbr osteonecrosis of the femoral head. Expert Ciol
affects host defence mechanisms which couldher 20055(4):437-442.

affect the ualit of the serum. Finall 9. Giannoudis PV, Pountos I. Tissue regeneration. The
q y Y, gst, the present and the future. Injury 2@®BSuppl 4:S2-

administration of agents (drugs) from anaestheﬁ_
remaining in the circulation for a period of time;p. Gomes ME, Bossano CM, Johnston CM. Reis RL,
after surgery prior to their excretion via the live Mikos AG. In Vitro Localization of Bone Growth Factoin

or the kidney could be responsible for thi&onstructs of Biodegradable Scaffolds Seeded wittrduar

finding. It is possible however that all of the%tsr‘;?ea'Eﬁg"zsoggjzg;’_'E;e_‘iégaF'OW Perfusion Bioteac

above factors could be responsible. 11.Hankey DP, McCabe RE, Doherty MJ, Nolan PC,
The gradual increase of proliferation andicAiinden MG, Nelson J, Wilson DJ. Enhancement of

osteogenic differentiation with the serumhuman osteoblast proliferation and phenotypic esgios

obtained during the@and postoperative day when cultured in human serum. Acta Orthop Scandl200

indicates that there is a systemic recover fro72(4):395'403'
Yy y Iﬁ.Hernigou P, Beaujean F. Treatment of osteonecrosis

the effect of surgery. In faCt_' Qompafing theyith autologous bone marrow grafting. Clin Orthop d&el
effect of serum from admission to othemRes 200240514-23.

. Gordon PL, Neel M, Sussman M, Orchard P, Marx JC,
recovery takes place in-between tHe and 7 Pyeritz RE, Brenner MK. Transplantability and theraje

day. ) ) _ effects of bone marrow-derived mesenchymal cells in
In conclusion, media supplemented witlehildren with osteogenesis imperfecta. Nat Med 1999

autologous serum obtained from patient§(3):309-313.

suffering from fracture are superior to medi%/f'-‘]"”es E, Pountos I|. Yang XB, McGonagle D.

L . . . esenchymal stem cells and their future in osteajor
containing FCS. Addressing the suitable tlmﬁacture repair. Adv. Osteopor. Fract. Manag. 2@061-16

point for serum isolation it seems that serumds. jones EA, Kinsey SE, English A, Jones RA, Straszynsk
obtained after the 3rd postoperative day has Meredith DM, Markham AF, Jack A, Emery P,

better potential foex-vivo expansion of MSCs. McGonagle D. Isolation and characterization of bone

" : P arrow multipotential mesenchymal progenitor cells.
In addition, this study supports indirectly thé:rthritis Rheum 200246(12):3349-3360.

ﬁndi_ngs of Other_ authors that du_ring fractur g kawabe N, Yoshinao M. The repair of full-thickness
healing a systemic response, possibly due to theicular cartilage defects. Immune responses paregive
circulation of growth factors or other stimulatorytissue formed by allogeneic growth plate chondmcyt

bt plants. Clin Orthop Relat Res 199268 :279-293.
hmeoellﬁﬁglzfééilgis place contributing to the over .Kim SJ, Cho HH, Kim YJ, Seo SY, Kim HN, Lee JB,

Kim JH, Chung JS, Jung JS. Human adipose stromkl cel
expanded in human serum promote engraftment of huma
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