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Human bone bank allografts stimulate bone
resorption and inhibit proliferation in cultures of
human osteoblast-like cells

Steen Mejdahl’, Carl A Hansen', Henrik Skjedt? and Inge Reimann’

Incorporation of a frozen human bone allograft re-
quires osteoclast activity and ingrowth of recipient
osteoblast precursors. We examined the effects of
allografts on human osteoblasts. Allografts stimulat-
ed a release of factors from normal human osteo-
blast-like cells, capable of inducing osteoclastic
bone resorption in vivo. Further allografts inhibited
osteoblast proliferation in cultures. The response
was detectable within 4 days of culture and was still

present after 3 weeks. Devitalized bone autografts
had a similar effect. This suggests that bone bank
grafts may induce a resorptive reaction at the recipi-
ent site by stimulating release of factors from osteo-
blasts capable of inducing osteoclastic resorption.
The storage temperature was crucial for preserva-
tion of the response, since the activity was lower in
allografts stored for 6 months at -20°C than in those
stored at -80°C.
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The effect of bone bank allografts on recipient bone
cells is of interest because incorporation of the devi-
talized graft depends on tissue remodeling in the graft
area. In particular, graft bone matrix may contain con-
stituents which regulate the recruitment, numbers and
activity of osteoblasts and osteoclasts, including
growth factors (Sampath and Reddi 1984, Hauschka
et al. 1986, Urist 1989, Guo et al. 1991). The matrix-
producing osteoblasts also appear to play a central
role in bone resorption. Thus, osteoblasts may medi-
ate the osteoclast-activating effect of many hormonal
factors, such as PTH, 1,25(OH),D;, thyroid hormone,
IL-1, TNFo. and TNFB (McSheehy and Chambers
1986, Thomson et al. 1986, 1987, McSheehy and
Chambers 1987, Britto et al. 1994).

Knowledge of direct effects of frozen allografts on
recipient bone cells is limited and the level of storage
temperature is based on empirical knowledge rather
than experiments (Tomford et al. 1986, Association of
American Tissue Banks 1987, Eastlund et al. 1992).
We examined the effect of bone bank allografts on re-
cipient osteoblasts, in terms of bone resorbing activity
and cell proliferation, to see whether the storage tem-
perature had any effect on these responses.

Material and methods

Bone bank allografts. Femoral heads were obtained
from 5 women and 1 man aged 72 (64 —78) years, op-
erated on because of coxarthrosis. Each specimen was
divided into vertical sections 15 mm thick. The sec-
tions were then placed in freezers within 30 minutes
and stored for either 2 weeks or 6 months at —80 °C or
—20 °C. Prior to the experiments, the sections were
thawed and washed in phosphate-buffered saline
(PBS) with a syringe to remove any remains of mar-
row and soft tissue. Trabecular bone samples, 3 X 3 X
3 mm, were excised and placed in tissue culture mul-
tiwell plates, with human osteoblast-like cell mono-
layers, for the stated length of culture. In some exper-
iments, the grafts were separated from the bone cell
monolayers in a two-chamber system by a cell-imper-
meable membrane (Transwell, Costar, supplied by
Meda, Copenhagen, Denmark).

Human osteoblast-like cells. Discarded bone was
obtained from patients with arthrosis undergoing hip
replacement. Trabecular bone specimens were isolat-
ed and minced, according to Skjgdt et al. (1985). The
bone specimens were washed in PBS with a syringe
to remove blood and bone marrow, seeded in flasks
and cultured in Eagle’s Modified Essential Medium
(EMEM), supplemented with 25 mM Hepes buffer,
100 U/mL penicillin and 100 pg/mL streptomycin, 2
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Table 1. Effect of bone bank allografts on the release of factors by human osteobiast-like cells inducing
osteoclastic resorption expressed as %°Ca release treated/control ratio, mean (SEM) for 4 calvaria from 1 of 2

experiments 2

Bone bank Duration of coculture (days)

allograft

tp (°C) 2 3 4 6 14 21
1(-80) 1.06 (0.03) 1.46 (0.09)® 1.58 (0.11)P  1.62 (0.13)® 1.46 (0.15)® 1.35 (0.06)P
1(=20) 1.12 (0.09) 1.35 {0.07)® 1.4t (0.10)® 1.40 (0.09)® 1.36 (0.27) 1.33 (0.09)P
2(-80)  1.20 (0.12) 1.42 (0.10)® 163 (0.14)®  1.68 (0.09)® nt 1.29 (0.05)P
2(-20)  1.09 (0.06) 1.30 (0.06)® 1.54 (0.17)® 1.50 (0.16)® nt 1.36 (0.13)P
3(-80) 097 (0.11) 1.28 (0.06)P  1.62 (0.24)® 1.60 (0.21)® 1.40 (0.13)® 1.43 (0.23)°
3(-20) 1.04 {0.07) 1.36 (0.04)® 1.70 (0.19)® 185 (0.14)® 1.52 (0.19)® 1.36 (0.15)P
4(-80) 1.25 (0.14) 1.69 (0.19)®  1.87 (0.18)® 1.81 (0.28)®  1.42 (0.11)P  1.17 (0.09)
4(-20) 1.11 (0.07) 155 (0.14)® 172 (0.25)® 1.74 (0.13)® 1.59 (0.20)® 1.29 (0.05)P
5(-80) 1.37 (0.16)®  1.40 (0.08)® 1.69 (0.21)® 1.70 (0.54) nt 1.31 (0.10)®
5(-20) 1.25 (0.08)® 152 (0.17)®  1.60 (0.09)® 1.52 (0.13)® nt t

6(-80) 1.05 (0.03) nt 1.79 (0.26)® 1.62 (0.14)® 1,50 (0.09)® 1.25 (0.07)P
6(—20) 113 (0.08) nt 1.86 (0.15)®  1.48 (0.22)® nt nt

a Kinetics of the release of factors by human osteoblast-like cells inducing bone resorption in response to
grafts stored for 2 weeks at -80 °C and —20 °C, respectively. Cells were cocultured with grafts at 37 °C in 96-
multiwell plates and bone resorptive activity assessed in supernatants pooled from multiplicates using the
mouse calvaria bioassay (see Material and methods). Calvaria were incubated with 1:2 dilutions of test
supernatants (treated) or control supernatants from human osteoblast-like cell-cultures without grafts
(control). Grafts cultured for 2, 3, 4, 6, 14 and 21 days without human osteoblast-like cells released no
tactors inducing bone resorption (data not shown). The grouped supernatants (graft donors 1—6) were tested

in separate calvaria assays. nt not tested.

b significantly different from control (p <0 .05; Student's t-test).

mM L-glutamine, 50 pg/mL ascorbate and 10% fetal
calf serum (FCS; heat-inactivated). The cultures were
kept at 37 °C in a humid atmosphere of 95% air, 5%
CO,, with change of medium once weekly. The bone
chips were removed as soon as a confluent monolayer
was reached (usually within 3--6 weeks) and the cells
were detached by incubation with 0.5 g/L trypsin, 0.2
¢/l EDTA at 37 °C. The cells were subsequently re-
plated in multiwell plates and cultured in complete
EMEM. More than 85% of 1,25(OH),D,-stimulated
human osteoblast-like cells (103M; 48 h at 37 °C)
stained for the osteoblast-specific protein, bone gla
protein (BGP; osteocalcin), using a specific rabbit
anti-human-BGP antibody. This phenotypic test was
repeated on monolayers after exposure to bone bank
grafts. No difference between cultures before and af-
ter coculture with grafts was detected. The experi-
ments were carried out on confluent monolayers at
first passage, unless otherwise stated.

Bone resorption assay. Newborn (<2 days old)
NMRI outbred white mice were injected subcutane-
ously with 2 uCi 45CaC12. 4 days after injection, the
mice were killed, the calvarias were removed and di-
vided into 2 halves. The calvarias were then preincu-
bated individually for 24 h in 24-well plates in 1 mL
BGJ-B medium (Fitton-Jackson modification), sup-
plemented with 5% heat-inactivated rabbit serum
(Wellcome, MEDA, Copenhagen, Denmark; a single
lot used), 2 mM L-glutamine and antibiotics. Pairs of
half-calvaria were transferred for an additional 48 h

period, one half-calvaria being cultured with medium
containing 1:2 dilutions (unless otherwise stated) of
test supernatant, the other with appropriate control
medium. The release of **Ca into the medium and the
amount of remaining “’Ca in the half-calvaria (dried,
90% formic acid-digested) were measured by liquid
scintillation counting and the bone resorption was cal-
culated as the percentage of total 43Ca released from
each half-calvaria. Treated/control (T/C) bone resorp-
tion ratios above 1.0 then reflected stimulation of
bone resorption by test supernatants. Results were ex-
pressed as means (SD) for multiple (= 4) pairs of cal-
varia. The percentage of release of *>Ca into the medi-
um of the amount of *3Ca incorporated into the con-
trol half-calvaria varied in experiments from (%
(SEM)) 8.2 (1.09) to 11.4 (0.96). Salmon calcitonin
(20 nM) was used to find out whether osteoclast inhi-
bition reversed the 43Ca-release induced by superna-
tants.

Assay for bone-cell growth. The cells were seeded
in multiwell plates at a density of 5 x 10% cells/cm?.
They were grown to a confluent monolayer in com-
plete EMEM. Bone allo- and autografts were then
added to the cells for the stated duration of coculture
(Table 4). The incorporation of thymidine in DNA
was measured after an 8 h pulse with 1 uCi per well
[PH]TdR in human osteoblast-like cells cocultured
with bone graft samples. Human osteoblast-like cells
cultured in medium alone were used as controls. Cul-
tures were collected, using a semi-automated cell har-
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Table 2. 6-day 2-chamber cocultures of bank bone allografts and human osteoblast-like cells’ effect on
release of factors by human osteoblast-like cells inducing bone resorption expressed as 45Ca release
treated/control ratio, mean (SEM) of 4 calvaria @

Bone Medium alone (control) ® + Allograft (contact) © + Allograft (no contact, 2-chamber) ¢
bank

allograft Exp. 1 Exp. 2 Exp. 1 Exp. 2 Exp. 1 Exp. 2

1 1.04 (0.07) 0.95 (0.10) 1.84 (0.16)9 1.91 (0.24)d 1.41 (0.07)%° 1.38 (0.11)%e
2 0.93 (0.11) 1.01 {0.05) 1.70 (0.19)¢ 1.63 (0.09) 9 1.53 (0.15)9  1.31 (0.06)%e

a8 Human osteoblast-like cells were cultured at 37 °C in medium alone and with bone bank aliografts stored for
2 weeks at —80 °C either in one-chamber (contact) or two-chamber {no contact; divided by a cell-imperme-
able membrane) 24-well Transwell plates (see Material and methods). Measurements were done by day 6,
since release of factors inducing bone resorption was maximal at this time (Table 1). Bone resorption was
assessed as described in Table 1.

b Medium from human osteoblast-like cell cultures was tested against control medium incubated at 37 °C for 6
days without ceils.

¢ Medium from human osteoblast-like cell-graft cocultures was tested against control medium from human
osteoblast-like cell cultures without grafts.

d Significantly different from control (p < 0.05; Student’s t-test).

e Significantly different from contact (p < 0.05; analysis of variance).

Table 3. The role of prostaglandins in the release of factors inducing bone resorption by graft-stimulated
human osteoblast-like cells expressed as 45Ca release treated/control ratio, mean (SEM) for 4 calvaria®

Day 4 Day 6
Addition Exp. 1 Exp. 2 Exp. 1 Exp. 2
Medium alone ® 0.97 (0.04) 1.05 (0.07) 1.01 (0.03) 1.08 (0.10)
Graft € 1.77 (0.20) 1.65 (0.14)49 1.83 (0.20)9  1.62 (0.14) 9
Graft + indomethacin (10M)¢  1.25 (0.06) %® 1.37 (0.09)%® 1.50 (0.16)9  1.29 (0.08)%®

a Release of factors inducing bone resorption in human osteoblast-like cell cultures exposed to bone bank
allografts (~80 °C, 2-week storage) for 4 and 6 days—the maximal response of bone resorption (Table 1).
Indomethacin was added at culture start (osteoblast and bone allograft) at a concentration level known to
block prostaglandin E, release by human osteoblast-like cells'3. The dilution of the test supernatant in this
experiment was 1:10. Indomethacin was added to the controls at the same concentration as in the 1:10
dilution. Experiments shown are representative of a total of 4, using different donor allografts. Thymidine
incorporation rates measured concomitantly were not altered by indomethacin (10~5M); % of controf + SEM
were on day 4: 103.5 £ 6.4 and day 6: 98.9 + 4.8.

® Medium from human osteoblast-like cell cultures was tested against control medium incubated at 37 °C for
4 or 6 days, respectively, without cells.

¢ Medium from human ostecblast-like cell-graft cocultures was tested against control medium from human
osteoblast-like cell cultures without grafts.

d Significantly different from medium alone (p < 0.05; Student's t-test).

¢ Significantly different from graft-human osteoblast-like cell cultures without indomethacin
analysis of variance).

(p < 0.05;

vester (Skatron, Lier, Norway) and [*H]TdR incorpo-
ration in DNA measured by liquid scintillation. A
hemocytometer was used to count 100 pL aliquots of
disaggregated single cell suspensions, which were re-
leased from wells at intervals by trypsin/EDTA incu-
bation, as described, and gently agitated. The number
of cells in 10 fields was counted.

Reagents. Methy]-[3H]thymidine (5 Ci/mmol) and
45Ca (10-40 mCi/mg calcium (Amersham, Birkergd,
Denmark); culture media, PBS, FCS (heat-inactivat-
ed; a single batch used), ascorbate, L-glutamine, anti-
biotics, trypsin-EDTA (Gibco; Life Technologies,
Roskilde, Denmark) and culture plates (Greiner Co.,
Austria; supplied by InVitro, Hillergd, Denmark)

were purchased. Indomethacin and salmon calcitonin
came from Sigma Co. (Bie & Berntsen, Copenhagen,
Denmark).

Statistics. Significance of differences was calculat-
ed by analysis of variance or the Student’s t-test.

Results

Allografts stimulated within 72 h a release of factors
from human osteoblast-like cells capable of inducing
osteoclastic bone resorption (Table 1). The release of
these factors reached maximum after 6 days of culture
and were still detectable after 3 weeks. Autologous
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Table 4. Effect of bone bank allografts on the proliferation of normal human osteoblasts (human osteoblast-
like cells) assessed by incorporation of tritiated thymidine expressed as mean [*H]-TdR incorporation (% of

control (SEM)) of triplicate wells from 1 of 2 experiments?

Bone bank Duration of coculture (days)

aliograft

tp (°C) 2 3 4 6 14 21
1{-80) 96 (7) 98 (5) 83 (3)P 80 (6yP 70 (5)b 79 (B)P
1 (=20) 99 (3) 91 (10) 77 (4)P 56 (7)b 59 (8)b 73 (5)b
2 (-80) 101 (2) 99 (3) 82 (3)b 65 (5)P 70 (B)® 81 (4)b
2 (-20) 97 (4) 102 (7) 78 (4)b 59 (3)P 64 (4)° 77 (8)b
3 (-80) 97 (4) 94 (8) 86 (2)P 70 (4)® 74 ()P 94 (6)
3 (~20) 107 (10) 97 (2) 90 (6) 73 (3)b 80 (4)b 88 (3)b
4 (-80) 96 (6) 93 (6) 82 (g)® 59 (6)P 85 (7)b 70 (4)®
4 (-20) 94 (9) 88 (1)? 78 (5)b 56 (4)b 59 (5)b 74 (5)b
5 (-80) 101 (4) 96 (4) 81 (4)b 56 (4)b 60 (3)P 63 (8)P
5 (-20) 95 (9) 97 (2) 84 (2)b 60 (5)b nt nt

6 (-80) 104 (6) nt 80 (3)b 66 (3)b 68 (5)° 68 (4)b
8 {-20) 101 (3) nt 75 (7)® 80 (7)® nt nt

a Kinetics of the proliferative response of human osteoblast-like cells to grafts stored for 2 weeks at -80 °C
and —20 °C, respectively. Cells were cocultured with grafts at 37 °C in 96-multiwell plates. Values measured
after 6-h and 24-h coculture were not significantly different from control values {data not shown). In 2
experiments, values were also measured after 5-, 7- and 10-day coculture: in both cases, values were
lowest on day 6 (data not shown). No difference in effect was found between temperature groups.

nt not tested.

After 2, 3, 4, 6, 14 and 21 days cells were counted, using a hemocytometer, as described. Results of 1
representative experiment in a total of 6 were {% of control + SEM): —80 °C: 92.9 + 3 .8 (day 2), 95.0 + 7.1
(day 3), 78.8 £ 1.5 (day 4}, 63.9 £ 2.6 (day 14), 76.4 + 6.1 (day 21). There was no significant difference

beiween temperature groups.

b Significantly different from control (p < 0.05; analysis of variance).

Table 5. 6-day 2-chamber cocultures of bank bone allografts and human osteoblast-like celis’ effect on
human osteoblast-like cells 3H-thymidine incorporation expressed as mean cpm (SEM) of triplicates 2

Bone Medium alone (control) + Allograft (contact) + Allograft (no contact, 2-chamber)
bank

allograft Exp. 1 Exp. 2 Exp. 1 Exp. 2 Exp. 1 Exp. 2

1 4630 (306) 3981 (266) 2700 (162)® 2051 (82)° 2591 (208)® 1944 (72)®
2 2879 (102) 5030 (319) 1377 (59)2 2805 (114)° 1427 (90) 2920 (175)8

2 Human osteoblast-like celis were cultured in medium alone and with bone bank allografts, as described in
Table 2. 6-day cocultures were chosen, since the response peaked by day 6 (Table 4). Proliferation was
assessed by the incorporation of thymidine. Values are mean ¢pm =+ the standard error of the mean of

triplicates.

There was no difference between the contact and no contact groups. Experiments are representative of a
totai of 4 bone bank allografts tested. Grafts stored for 2 weeks at —20 °C induced a similar response (data

not shown).

b Significantly different from medium alone (p < 0.05; analysis of variance).

bone induced a similar response (data not shown).
The reaction partially depended on allograft-human -
osteoblast-like cell contact, since two-chamber cul-
tures induced less osteoclastic bone resorption (Table
2). The release of factors involved prostaglandin pro-
duction, since indomethacin (106 M; a dose known to
inhibit human osteoblast-like cell PGE, production
(Gowen et al. 1985)) partially inhibited the response
(Table 3). Calcitonin (20 nM) blocked the bone re-
sorptive action, indicating an osteoclast-mediated ef-
fect (data not shown).

Allografts inhibited human osteoblast-like cell rep-

lication, as detected by decreased thymidine incorpo-
ration (Table 4). An autologous set-up induced a sim-
ilar response (data not shown). The antiproliferative
response was still detectable, but less pronounced af-
ter 3 weeks. The reduction of human osteoblast-like
cell replication appeared independent of any direct
contact between graft material and the cells (Table 5).
No signs of cell toxicity were detected (eosin exclu-
sion test).

The grafts induced similar responses from human os-
teoblast-like cells after 2 weeks’ storage at —80 °C and
—20 °C (Tables 1 and 4). After 6 months’ storage, the
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Comparison of the effect of bone bank allografts stored at —80 °C (< ) and -20 °C ( £ ) for 2 weeks and 6 months, respectively, on
release of bone resorptive activity (left) and [®H]TdR-incorporation (right) in human osteoblast-like cells after 6 days’ culture.
Control = human osteobtast-like celis with medium alone. Values are means. 6 different graft specimens were tested. Resuits for
the 20 °C storage group were significantly different after 8 months, as compared to 2 weeks (ANOVA, p < 0.05)

activity was retained in —80 °C grafts, but was markedly
reduced in allografts stored at —20 °C (Figure).

Discussion

Early phases of bone graft incorporation may involve
resorption, which allows invasion of vascular buds
and osteoblasts along the periphery (Friedlaender
1987, Kirkeby 1991). Indeed, bone implants induce
osteoclast recruitment, depending on recipient osteo-
blasts in vivo (Akamine et al. 1994). These data are
consistent with our findings that human osteoblast-
like cells release factors capable of inducing osteo-
clast activity on exposure to devitalized bone materi-
al. The reason why the bone resorption declines after
6 days is unknown, but it could be due to destruction
of these factors, or to production of an inhibitor. Re-
sults were similar in allogeneic and autologous graft-
human osteoblast-like cell cocultures, suggesting that
no immunological reactions were involved. The re-
sponse was particularly pronounced in cultures with
direct graft-cell contact, which suggested that human
osteoblast-like cell-bone matrix interaction might be
involved. For example, adhesion molecules have
been demonstrated on bone cells, including the hu-
man osteoblast-like cell (Clover et al. 1992), which
might mediate signals from bone graft matrix (Juliano
and Haskill 1993). In speculative terms, the marked
antiproliferative human osteoblast-like cell-response
during release of factors inducing bone resorption, in
the first week of allograft-human osteoblast-like cell

culture, might also reflect an initially facilitated os-
teoclast access at the recipient site, due to reduced os-
teoblast numbers in vivo.The possibility that the hu-
man osteoblast-like cell [PH]-TdR-incorporation
measurements might appear reduced due to a misin-
terpreted cell migration to grafts during cocultures
was excluded by the similar responses in the two-
chamber assays.

Prostaglandins, particularly prostaglandin E,
(PGE,), are produced by the human osteoblast-like
cell (MacDonald et al. 1984) and stimulate bone re-
sorption (Raisz and Martin 1983). Our data indicate
that prostaglandins contributed to release of bone re-
sorptive activity. However, prostaglandin inhibition
did not alter the antiproliferative response, suggesting
that although bone grafts stimulate prostaglandins in
human osteoblast-like cells, as revealed by the effect
of indomethacin on bone resorption, prostaglanding
do not mediate the growth inhibition.

The human osteoblast-like cell response to al-
lograft material was completely retained after 6
months’ storage at —80 °C. Grafts stored for 6 months
at =20 °C lost the human osteoblast-like cell modulat-
ing effects, which were present after 2 weeks’ storage.
Temperatures below —70 °C are generally recom-
mended for storage up to 5 years in bone banks, a
view largely based on empirical knowledge of suc-
cess (American Association of Tissue Banks 1987,
Eastlund et al. 1992). This freezing level may be re-
quired to retard autolysis sufficiently by proteolytic
enzymes (Tomford et al. 1986). However, bone fro-
zen to —20 °C has been used successfully (Burwell
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1969) and has been suggested for storage up to 6
months (Standards of The American Red Cross Tissue
Services 1992). Our data indicate that temperature-
dependent alterations after 6 months’ graft storage at
—20 °C completely change the human osteoblast-like
cell response, which may alter graft incorporation in
vivo. Graft temperature-sensitive molecules may pri-
marily include growth modulatory substances since
the regulatory effect on human osteoblast-like cell
proliferation was lost, whereas the release of factors
inducing bone resorption was merely reduced. Mech-
anisms including proteolytic enzyme activity (Tom-
ford et al. 1986) and ice crystal formation (Skinner
1990) at —20 °C might contribute. Further studies are
indicated to examine the role of graft-induced re-
sponses of recipient osteoblasts in vivo. Our studies
suggest that caution should be taken in utilizing bank
bone stored for a long time at -20 °C.
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