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Creating a functional vascularized bone tissue remains one of the main goals of bone tissue engineering.
Recently, a growing interest in the crosstalk between endothelial cells (EC) and osteoblasts (OB), the two main
players in a new bone formation, has been observed. However, only a few reports have addressed a mutual
influence of OB and EC on cell proliferation. Our study focuses on this issue by investigating cocultures of
human bone-derived cells (HBDC) and human umbilical vein endothelial cells (HUVEC). Three various propor-
tions of cells have been used that is, HBDC:HUVEC 1:1, 1:4, and 4:1 and the cocultures were investigated on day 1,
4, and 7, while HUVEC and HBDC monocultures served as reference. We have detected enhanced alkaline
phosphatase (ALP) activity in a direct HBDC-HUVEC coculture. This effect was not observed when cells were
separated by an insert, which is consistent with other reports on various OB-EC lineages. The appearance of
gap-junctions in coculture was confirmed by a positive staining for connexin 43. The number of cells of both
phenotypes has been determined by flow cytometry: CD-31-positive cells have been considered EC, while CD-
31-negative have been counted as OB. We have observed an over 14-fold increase in OB number after a week in the
1:4 HBDC:HUVEC coculture as compared with less than fourfold in monoculture. The increase in HBDC number
in 1:1 coculture has been less pronounced and has reached the value of about sevenfold. These results correspond
well with the cell proliferation rate, which has been measured by 5-bromo-2’-deoxyuridine incorporation. More-
over, at day 7 EC have been still present in the coculture, which is inconsistent with some other reports. Real-time
polymerase chain reaction analysis has revealed the upregulation of ALP and collagen type I genes, but not
osteocalcin gene, in all the cocultures grown without pro-osteogenic additives. Our study indicates that HUVEC
significantly promote HBDC expansion and upregulate collagen I gene expression in these cells. We believe that
these findings have application potency in bone tissue engineering.

Introduction

IN RECENT YEARS, increasing attention has been given to cell
coculture. The use of coculture systems mimicking the
complex structures and regulation processes within the living
tissue provides a superior tool for analysis of cellular inter-
actions. Applying the coculture systems in tissue-engineered
constructs might also result in a therapeutic advantage in the
field of regenerative medicine and tissue engineering.! For
example, a better understanding of cellular interaction be-
tween endothelial cells (EC) and osteoblasts (OB) would sig-
nificantly accelerate the development of the new bone tissue
engineering applications. Despite an emerging body of re-
search showing that the complex interactions between EC and
OB is involved in the regulation of bone formation and an-
giogenesis, neovascularization still remains the limiting factor

in successful implantation of voluminous bone grafts. In-
sufficient vascularity of the engineered construct results in its
hypoxic cell death.” Several studies have indicated that there
are reciprocal advantages in functional relationship between
OB and EC or their corresponding precursors.”” Rouwkema
et al. have shown that osteoprogenitor cells were able to
support the formation of EC network in a bone tissue engi-
neering construct.® It was demonstrated that the cocultures of
EC with other cell types, such as bone marrow stem/stromal
cells (BMSC), have a beneficial effect on the formation and
stabilization of newly formed vascular structures after im-
pl:c1r1tation.8_12 It seems, that at least in part, the beneficial
effect of OB on EC is due to the release of diverse angiogenic
growth factors, such as vascular endothelial growth factor
(VEGF) and basic fibroblast growth factor (bFGF)."* At the
same time, recent studies highlighted the stimulating influence
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of EC on alkaline phosphatase (ALP) activity in OB.>%7/1413
The effect of EC on the induction of osteoblastic differentia-
tion markers in osteoprogenitor cells, such as runt-related
transcription factor 2 (Runx2), ALP, and osteocalcin repre-
sents another intensively investigated processes.®'>!°

Our knowledge about EC influence on OB differentiation
remains far from complete. Nevertheless, a positive OB in-
fluence on EC organization in coculture seems to be a good
reason to consider OB-EC coculture as a useful system in bone
tissue engineering.z’s’w’]8 To add an extra value to such a
system we put particular attention to the possible EC influence
on OB proliferation in vitro. Expansion of normal cells origi-
nating from primary cultures, which are candidates for
transplantation in tissue engineered systems, is not as effective
as of immortalized cell lines derived from tumors, often used
for basic research experiments. Therefore, any advancement in
enhancing cellular proliferation efficiency is of a high interest.

To the best of our knowledge, the first result that
suggested EC influence on OB proliferation was obtained
from the culture of OB derived from human bone ex-
posed to human umbilical vein endothelial cells (HUVEC)-
conditioned culture medium.'”” OB proliferation after 72h
was enhanced as compared with the culture in a noncondi-
tioned medium. This effect was also confirmed in a culture of
marrow-derived MSC in HUVEC-conditioned medium, al-
though in this case the effect occurred only after 12 days.*
These findings have prompted us to focus on the HUVEC
influence on human bone-derived cells (HBDC) proliferation
in a direct coculture with the intent to exploit this phenom-
enon in bone tissue engineering. To the best of our knowl-
edge until now, no one has shown such an effect. Our
preliminary observations revealed a significantly high in-
crease in HBDC number after 7 days in coculture with
HUVEC as compared with a monoculture.”’ At the same
time encouraging data have been published by Bidarra et al.
showing stimulatory effect of HUVEC on the proliferation
of marrow-derived MSC.*?* Although in the case of MSC,
unlike the HBDC, cell number was lower in the EC-coculture
than in a monoculture after a week, stimulatory effect of EC on
MSC number appeared in a prolonged culture, that is, after 14-
and 21 days. Thus, similar to the results obtained in the
conditioned media,'*?° mesenchymal cells responded to the
EC-originating stimuli later in the culture than the cells isolated
from bone chips. Obviously, from the perspective of practical
use, the faster intensification of OB expansion the more prof-
itable input in tissue engineered product preparation. The aim
of this study was to prove the stimulatory effect of HUVEC on
HBDC proliferation in a 1 week culture. Such finding might
support OB-EC coculture as a valuable system toward ob-
taining bone tissue engineering constructs, indicating EC as a
player in the OB expansion stage.

Materials and Methods
Isolation and culture of primary human OB

HBDC were isolated from pieces of bone explanted post-
surgery. All the procedures were approved by the Local Ethics
Committee of the Medical University of Warsaw (Decision
No. KB/74/2005) and the donors provided informed con-
sent. The isolation was based on the protocols described by
Gallagher et al.> with modifications.** Briefly, after removing
the soft tissue (including marrow), both mechanically and
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enzymatically (collagenase XI S 600U/mL; Sigma), small
(about 2mm in length) bone chips were rinsed in Ca-free
phosphate-buffered saline and placed in a 150 mL cell culture
flask (Costar-Nunc) containing Dulbecco’s modified Eagle
medium (DMEM; Gibco), supplemented with fetal bovine
serum (10%; Gibco), L-glutamine (1%; Gibco), antibiotic-
antimycotic mixture (1%; Gibco), and vr-ascorbic acid 2-
phosphate (100 mM; Sigma) at 37°C in 5% CO,. The medium
was changed every 7 days. Within 2—4 weeks, cell migration
from the bone chips occurred. After reaching confluence, the
HBDC were used in experiments. Only first passage cells were
used in the experiments to avoid any changes in phenotype.
According to the established practice used in our laboratory,
every fifth sample of cell population obtained in accordance
with the validated protocol is examined toward osteoblastic
phenotype. Expression of the selected osteogenic genes and
the enhanced ALP activity are verified in response to the
osteogenic additives to a culture medium. Based on the re-
petitively positive results of these tests, HBDC obtained in
our laboratory by the described method are considered OB.

The culture of HUVEC

HUVEC were purchased from Invitrogen Life Technolo-
gies. Cells were grown in EBM-2 basal medium supple-
mented with the EGM-2 SingleQuot kit (Lonza). For all
experiments HUVEC up to passage five were used.

Direct coculture

The investigated cell populations were mixed and seeded
on 6-well plates at density 1.5%10° cells/well, on 24-well
plates at a density 3x 10* cells/well, and on 96-well plates at
density 5x10° cells/well in EBM-2 basal medium supple-
mented with the EGM-2 SingleQuot kit. The seeding ratio of
OB:EC was 1:1, 4:1, and 1:4. The monocultures of HUVEC
and HBDC grown in EBM-2 basal medium supplemented
with the EGM-2 SingleQuot kit were used as controls. The
cells were cultured for 7 days.

Indirect coculture

HUVEC were seeded on the microporous membrane in-
serts (Nunc) at a density of 3x10* cells/well. After adher-
ence of cells (2-3h), inserts with HUVEC were carefully
placed in 24-well plates containing the same number of
HBDC seeded at the bottom. HUVEC and HBDC seeded
alone at the bottom of the plates and grown in EBM-2 basal
medium supplemented with the EGM-2 SingleQuot kit were
used as controls. The cells were cultured for 7 days.

Cell proliferation assay

Cell proliferation was assessed with a commercial cell
proliferation ELISA kit (Roche), based on the detection of 5-
bromo-2’-deoxyuridine (BrdU) incorporated during DNA
synthesis in replicating cells. Assays were performed ac-
cording to the manufacturer’s protocol. Cell proliferation
was measured at day 4 and 7 of culture.

ALP assay

ALP activity was determined by detecting the for-
mation of p-nitrophenol, a product of p-nitrophenyl
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phosphate catalyzed by ALP, following the colorimetric ~ Determination of cell number of individual
procedure of alkaline phosphatase activity kit (Sigma). cell types in coculture
An absorbance was measured at 405nm. The activity of

ALP was measured in cell lysates at day 4 and 7 of For flow cytometry analysis cells were grown in six-well

dishes. At day 4 and 7, cells were treated with collagenase type
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FIG.1. Determination of cell number in monocultures and cocultures using flow cytometry. The CD-31-positive (HUVEC) and
the CD31-negative population (HBDC) were quantified using CellQuest software. (A) An exemplary dot plot for HBDC mono-
culture (Data. 001), HUVEC monoculture (Data. 002), 1:1 (Data. 003), 4:1 (Data. 004), and 1:4 coculture (Data. 005) at day 7 of
culture. (B, D) Number of HBDC (B) and HUVEC (D) in monoculture and in the three types of coculture (different in the
HBDC:HUVEC number initial ratio-initial percentage HUVEC:HBDC is shown at the x-axis) at day 1 (light grey), day 4 (dark grey
bars), and day 7 (black bars) of culture. (C, E) Relative number of HBDC (D) and HUVEC (E) in monoculture and in cocultures—
data from monocultures and particular cocultures (see legend) are grouped in correspondence to the observation periods, that is,
day 4 and 7. Relative cell number is calculated as 100 x CN;)/CN,,, where CN; means the number of cells on the given (i) day, and
CNp—the number of cells on day 1, that is, the number of cells seeded for the experiment. Initial percentage HUVEC:HBDC is
shown in the legend. At the (B-D) diagrams results are shown as the mean values from the five independent experiments. Error
bars represent the 95% confidence interval (CI) of a mean. One-way ANOVA and post-hoc Tukey test have been performed.
Independent variable is proportion of HBDC to HUVEC in culture. Dependent variable is number (B, C) or relative number (D, E)
of HBDC. *p<0.05, *p<0.01, *p<0.001 and ns, not statistically significant. HUVEC, human umbilical vein endothelial cells;
HBDC, human bone-derived cells; ANOVA, analysis of variance.
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FIG. 2. CD31 protein concentration measured by enzyme-
linked immunosorbent assay in monocultures and cocultures
on day 4 (grey bars) and day 7 (black bars). The mean values
from three independent experiments are shown. Initial per-
centage HUVEC:HBDC is shown in the legend. Error bars
represents the 95% CI of a mean. One-way ANOVA and post-
hoc Tukey test have been performed. Independent variable is
proportion of HBDC to HUVEC in culture. Dependent var-
iable is CD31 protein concentration.

detachment solution Accutase (Thermo Electron). Cells were
counted and labeled with phycoerythrin-conjugated monoclo-
nal anti-human CD31 antibodies (Becton Dickinson), as de-
scribed by the manufacturer. The CD31-positive cells were
considered EC and the CD31-negative cells were counted as
OB. Total number of cells and their relative proportions allowed
the calculation of the number of each type cells in coculture.
All quantitative assays (cell number, cell proliferation
assay, ALP activity assay, and flow cytometry). Were per-
formed in the five independent experiments. Each experi-
ment evaluated cells harvested from one donor and the donor
was different for each experiment (five donors altogether).

Relative quantification of gene expression by real-time
polymerase chain reaction

Total RNA was isolated from monocultures and cocultures
using the RNeasy Micro Kit (Qiagen). Total RNA (50 ng) was
reverse transcribed into cDNA using High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems) according to
the manufacturer’s protocol. Gene amplification was per-
formed on Applied Biosystems Step One 7500 Real-Time
PCR System with the following TagMan gene expression as-
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says: glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
Hs99999905_m1), ALP (Hs01029144_m1), collagen type I (Coll
I; Hs00164004_m1), osteocalcin (OC; Hs00609452_gl1) and
VEGF (Hs 00900054_m1). The number of cycles and annealing
temperature were selected according to the manufacturer’s
instructions. The expression of each gene was normalized to
the expression of the reference GAPDH. The expression of in-
vestigated genes in HBDC seeded for the experiment, that is,
on day 1, was used as a reference. Each sample was processed
in triplicate. Changes in the expression of the target gene were
calculated using 244" method.

VEGF measurement by enzyme-linked
immunosorbent assay

VEGEF released into the culture medium was quantified
using enzyme-linked immunosorbent assay (ELISA; In-
vitrogen). Supernatants collected from cultures of HBDC,
HUVEC, and cocultures were assayed according to manu-
facturer’s manuals. Results are expressed in picogram of
VEGF per milliliter of sample.

CD31 ELISA

Supplementary to the flow cytometry measurements, the
presence of EC in the investigated cocultures was verified by
the detection of CD31 protein, which is one of EC markers, in
all the investigated time points. Measurements were per-
formed in lysates with a commercial ELISA kit (Abcam, Inc.)
in the three independent experiments, from at least two wells
per time point and per cell number proportion (1=6).

Gap junctions immunostaining

Mouse monoclonal anti-connexin 43 (Cx43) antibodies
(Becton Dickinson) in combination with biotin-conjugated
(Santa Cruz Biotechnology) secondary antibodies (dilution
1:100 in blocking buffer) with extravidin-TRITC (dilution
1:100 in blocking buffer) were used for detection of gap
junctions in cocultures grown on coverslips. Cx43 staining
was followed by von Willebrand factor labeling with mouse
monoclonal antibodies (Becton Dickinson) and goat anti-
mouse fluorescein isothiocyanate (FITC)-conjugated antibody
(Becton Dickinson). Specimens were mounted in Ultra Cruz
Mounting Medium containing fluorescent stain DAPI (Santa
Cruz Biotechnology) and observed in fluorescence (Leica TCS
confocal microscope).

FIG. 3. Cell morphology of HBDC monoculture (A), HUVEC monoculture (B), coculture of HBDC:HUVEC 1:4. Lumen-like
structures visible in the coculture were confirmed to be formed by CD-31-positive (endothelial cells) cells—shown in the
Supplementary data (Supplementary Fig. S1) Scale bars=100 um.
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Cell morphology

Morphological phenotypes were observed under an in-
verted phase contrast microscope on selected days of each
type of cell culture (Nikon Eclipse TE-2000). Additionally, in
the HBDC:HUVEC coculture of the initial 1:4 cell proportion,
EC were visualized by CD31 labeling with mouse mono-
clonal antibodies (Sigma) in combination with goat anti-
mouse FITC-conjugated antibody (Becton Dickinson). For
the fluorescence Nikon Eclipse Ti was used.

Statistical analysis

The data are presented as mean+95% confidence interval.
Statistical analysis was performed with Statistica Software us-
ing analysis of variance combined with a post-hoc Tukey Mul-
tiple Comparisons Test. In the case of gene expression—data
from real time polymerase chain reaction (PCR)—Kruskall-
Wallis test was applied. Results were considered significant at
p<0.05. Details are given in the captions to figures.

Results

Determination of cell number of individual cell
types in coculture

We observed that the expansion of HBDC population in
each of the three types of coculture was significantly higher
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than in monoculture. The highest OB proliferation was de-
tected when the coculture EC:OB ratio was 1:4. On day 7 we
detected over 14-fold increase of OB number as compared
with less than fourfold in monoculture (Fig. 1C). The results
were confirmed in independently performed experiments
with cells obtained from five different donors. Although
HUVEC grew poorer in coculture than in monoculture, they
were still present in coculture on day 7, which was con-
firmed by CD31 ELISA (Fig. 2).

Cell morphology in monoculture and coculture
of HBDC and HUVEC

Inverted light microscopic observation of all types of
cocultures, HBDC monoculture and HUVEC monocul-
ture, revealed normal cell morphology and an increase of
cell number during the time of culture. OB demonstrated
an elongated, spindle shape. HUVEC had characteristic
polygonal shape during the first days of all types of
culture. After 3-4 days in coculture HUVEC became
elongated in shape, similar to HBDC. Only in HUVEC
cocultured with HBDC at a ratio of 1:4 we observed lu-
men-like structures (Fig. 3C). They were formed by CD-
31-positive cells considered EC (Supplementary Fig. S1;
Supplementary data are available online at www liebertpub
.com/tea).

FIG. 4. Effect of coculture of

HBDC with HUVEC grown
in direct contact on ALP

activity. (A) Data obtained in
one from the five experiments

are shown as the mean values
(n=6). Error bars represents

the 95% CI of a
mean.***p <0,001, ns, not

statistically significant. (B)
Values obtained in all

cocultures are normalized to
the ALP activity in HBDC
monoculture. Mean values

from five independent
experiments are shown;
n=30 (five experiments x six
repetitions). For each
repetition cells from different
donors were used. Cls and
standard errors for relative
ALP activity have been
shown. The CIs do not
include 1, so ALP activity is
significantly higher in
cocultures than in HBDC
culture. Initial percentage

HUVEC:HBDC is shown at
the x-axis. ALP, alkaline
phosphatase.
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Effect of direct contact of HBDC and HUVEC
in coculture on ALP activity

ALP activity was significantly higher in direct coculture
than in OB monoculture in all three tested ratios, both on
the fourth and seventh day of culture. The ALP activity of
HBDC was almost three-times higher when cells were
seeded at OB:EC ratio 1:4, after 4 days and over five-times
higher after 7 days, in comparison to OB monoculture (Fig.
4). Since there were big differences in the initial value of
ALP activity in HBDC depending on a donor, instead of
showing the average values from all experiments, data from
the one repetition are given in Figure 4A. To analyze data
from all experiments, ALP activity in the cocultures were
normalized to the value in HBDC at given time point (Fig.
4B). The analysis revealed significantly higher ALP activity
in all cocultures compared with HBDC monoculture after
both observation periods. EC expressed negligible ALP
activity. To confirm that the increase in ALP activity is
mediated by direct cell-cell contact, HBDC and HUVEC
were cultured in the same well but separated with an insert.
In that case, the ALP activity of OB grown on the bottom of
culture plates and of OB in monoculture was comparable

(Fig. 5).

Osteogenic activity assessed by gene expression
for ALP, Coll I, and osteocalcin

Cells were analyzed for their expression of ALP and Coll I,
which are characteristic for osteogenic activity. Results of the
real-time PCR analysis are presented according to Willems
et al”® and Livak and Schmittgen.”® Data are shown in re-
lation to the given gene expression in HBDC population on
day 1 (Fig. 6). The mean values from three independent ex-
periments are presented. The values for the both investigated
genes expression were significantly different in the investi-
gated cell populations, which is probably due to their origin
from different donors. Even though it resulted in consider-
able deviation of the results, several relations were confirmed
to be statistically significant.

In HBDC-HUVEC coculture, the expression of ALP and
Coll I was higher than in OB monoculture after 4- and 7 days
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FIG. 5. Effect of coculture of HBDC with HUVEC grown in
nondirect contact on ALP activity. Data are presented as the
mean (n=18). Error bars represent the 95% CI of a mean.
Results show data from three independent experiments, ns—
not statistically significant. One-way ANOVA and post-hoc
Tukey test have been performed.
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FIG. 6. Effect of HUVEC on osteogenic activity. Gene ex-
pression of ALP (A) and Coll I (B) was normalized to
GAPDH. HBDC monoculture on day 1 was used as a relative
control. Data from three independent experiments are
shown. Bars represent mean (12=18).Error bars represent the
95% CI of a mean. Initial percentage HUVEC:HBDC is
shown at the x-axis. (*»<0.05, *p<0.01, and ***p<0.001).
Coll I, collagen type I, GAPDH, glyceraldehyde-3-phosphate
dehydrogenase.

of culture. This effect was the strongest for HBDC:HUVEC
initial proportion of 4:1, when the difference was statistically
significant for both genes. The highest expression of the
genes was observed on day 7. In the case of Coll I, it was
significantly higher in all cocultures in comparison with the
HBDC monoculture, while this effect for ALP mRNA ex-
pression, although still remarkable, was significant only for
the proportion of 4:1. The expression of OC gene was very
low in HBDC culture while in coculture it was about zero
after both 4- and 7 days (Supplementary Fig. S2).

Determination of VEGF gene and protein expression

The highest VEGF concentration was detected in culture
medium collected from HBDC monoculture. In the cocul-
tures it was at the same low level as in the HUVEC mono-
culture with the exception of the coculture with the initial
HBDC content of 80% (Fig. 7A). The analysis of VEGF gene
expression revealed an increase in VEGF mRNA expression
in time in all cocultures. In HBDC monocultures the maximal
values were reached on day 4 (Fig. 7B).

Cell proliferation in monocultures and cocultures

Cell proliferation in monocultures and cocultures was
determined by incorporation of BrdU into cellular DNA
during replication. For all three types of cocultures and
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HBDC monoculture, the highest proliferation rate was on
day 4 (Fig. 8A, C-E); then the BrdU incorporation signifi-
cantly declined. It was still at the same level on day 7 only in
the HUVEC monoculture. To confirm the population
growth, cells were counted in Burker chamber. The increase
in cell number in all types of culture was observed up to 7
days (Fig. 8A-E). On day 7, cell populations reached con-
fluence and stopped proliferating.

Gap junction communication between HBDC
and HUVEC

Cx43 is the predominant protein of gap junctions in OB
and EC. Fluorescence staining of Cx43 performed in HBDC
and HUVEC and in cocultures demonstrated that both cell
types express this protein. Cx43 was localized in cell contact
area. Additional staining of von Willebrand factor allowed
us the identification of EC. A distinguishable labeling of
Cx43 between EC (von Willebrand positive) and OB (von
Willebrand negative) was observed (Supplementary Fig. S3).
It confirms the existence of gap junctions between HBDC and
HUVEC.

to GAPDH. HBDC monoculture on
day 1 was used as a relative control.
Data are shown as the mean
(n=18).Error bars represent the 95%
CI of a mean. The results show data
from three independent
experiments (1=18). The Kruskal—-
Wallis test was used for statistical
analysis of data. Initial percentage
HUVEC:HBDC is indicated in the
legend. VEGF, vascular endothelial
growth factor.

day 7
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Discussion

Creating a functional vascularized bone tissue re-
mains one of the main goals of bone tissue engineering.
However, a better understanding of the mechanisms that
regulate the communication processes between bone forming
cells—OB and vessel forming cells—EC, is necessary to
achieve this goal.

In our study HBDC:HUVEC coculture was investigated at
different time points, and with different proportions of cells
of both phenotypes. Our main finding is the tremendous
impact of EC on the OB expansion in a direct coculture
leading to over 14-fold increase of OB number compared
with less than fourfold in monoculture (Fig. 1C). Since this
tendency was confirmed in five independent experiments
using cells derived from different donors, we report this
finding as a systematic phenomenon. To the best of our
knowledge, such apparent influence of HUVEC on HBDC
expansion in coculture as shown in our study has not been
yet documented. Only few reports have briefly noted a
mutual influence of OB and EC on cell proliferation. Wang
et al. noticed that conditioned medium of HBDC stimulated
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day 4 day 7

5-Bromo-2’-deoxyuridine incorporation into DNA during S phase (grey bars) and number of cells (black lines) in

monoculture of HBDC (A), monoculture of HUVEC (B) and HBDC-HUVEC coculture [1:1 (C); 4:1 (D); 1:4 (E)]. Values are shown as
mean from the experiments (17=6 in each of them). Error bars represent the 95% CI of a mean. Experiments were performed thrice.

the proliferation of HUVEC, and conditioned medium of
HUVEC slightly promoted HBDC proliferation.'” Similar
effects were shown for BMSC and HUVEC."** Only recently,
a promoting influence of HUVEC on BMSC was confirmed in a
direct coculture” This observation is consistent with our
findings. However, with BMSC the effect appeared only in the
prolonged (14- and 21 days) culture, while there was no effect
on day 7. Significant EC-dependent increase in BMSC number
was observed even later, that is, only on day 28 by Ma et al.”
The most probable reason for these discrepancies is the osteo-
genic cell population put into observation. BMSC are quiescent
cells in vivo,” but may reversibly change between proliferation
and quiescence in vitro,”® while OB push other cells to prolif-
eration. Therefore, the more rapid HBDC response to EC
compared with BMSC may reflect the in vivo interplay between
cells present in bone and EC. Contrary to Bidarra et al.? we
have also found that for the observed phenomenon cell pro-
portion is important. The medium used for cell culture could be
another possible factor influencing the results. The proliferation
rate of EC grown in M199 medium, which has been used by
Bidarra et al.,?? has shown to be ~2 times slower than in EBM-2

medium, which we used. The significance of the medium ap-
plied for OB-EC coculture was clearly shown also by Ma et al.”
In the preliminary observations we confirmed that the HBDC
cultured in EC medium (EBM-2 basal medium supplemented
with the EGM-2 SingleQuot kit) grew even better than in the
DMEM-based medium routinely used in our lab for cells of
osteogenic lineages. Therefore, we used EBM-2 basal medium
supplemented with the EGM-2 SingleQuot kit for all investi-
gated cultures that could additionally promote EC-induced
effects.

Morphological observation revealed that the 1:4 coculture,
which was the most profitable for OB expansion, was the
only one in which we have noticed a nonuniform cell orga-
nization. It resembled the structures that were described by
Grellier et al. as tube-like ones in a two-dimensional coculture
of human osteoprogenitors and EC.* This is another reason
for which this OB:EC proportion seems the most suitable for
tissue engineering applications. Even though EC expansion
was limited after the day 4, EC presence was systematically
confirmed at the end of the observation, that is, until the day
7 in all the experiments.
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The EC survival was confirmed by flow cytometry and by
the presence of EC-specific protein—CD31in all experimental
conditions (Fig. 2). It is inconsistent with the data reported by
Unger et al.* In their experiments, both for the primary OB and
MG-63, human dermal microvascular EC survived in cocul-
tures with OB only when they were more numerous, that is,
OB:EC ratios were equal to 1:5 and 1:10. EC survival in the 4:1
coculture in our study may be supported by VEGF produced
by HBDC (see Fig. 7A). Such effect has been already reported
for EC exposed to the BMSC-conditioned medium.*

The EC influence on OB differentiation comprises another
important aspect of OB-EC coculture. Until now it has not
been well understood, although some data indicate that EC
may regulate OB differentiation. Meury et al. reported a re-
versible inhibitory effect of HUVEC on dexamethasone-
induced differentiation of BMSC, which was indicated by
inhibited expression of Osterix—a transcription factor for OB
differentiation.*® Downregulation of runx2 and osteocalcin in
human osteoprogenitors after 48 h of coculture with HUVEC
was shown by Guillotin et al.® However, it was accompanied
by an upregulation of ALP. An enhanced ALP activity, as
compared with monoculture, was found also in longer ob-
servation of similar cocultures.*”* The evidence that ALP
activity is promoted by the presence of EC in coculture is
very strong. >’ 21319192933 In our study, ALP activity was
significantly higher in all investigated OB:EC proportions
compared with the HBDC monoculture on day 7 (see Fig. 4).

It is commonly accepted that this phenomenon requires
the direct contact of OB and EC,*>~3* which is also the case in
our study. It is postulated that the mutual influence of OB
and EC is gap-junction mediated.'*** The detection of Cx43,
which is characteristic for gap junctions, between HBDC and
HUVEC shown in this study strengthens this hypothesis.

The enhanced ALP activity in the cocultures investigated
in our study corresponds well with the changes in ALP gene
expression measured by real time PCR (see Fig. 6A). More-
over, the promoting effect of HUVEC on Coll I expression in
HBDC has been shown, too (Fig. 6B). Until now, only a
moderate upregulation of Coll I in BMSC cocultured with
HUVEC has been reported.”>** In our study, this effect
was remarkable, as we have detected up to fivefold increase
in Coll I expression. However, we did not find stimulating
effect of EC on OC expression (Supplementary Fig. S2).
Downregulation of OC within the first 48h of BMSC and
HUVEC coculture was found by Guillotin et al.® Similar re-
sults were shown up to 72h in human OB-HUVEC coculture
by Hager et al.”> On the contrary, in rat cells Sun et al. reported
the enhanced OC synthesis on day 5 in coculture of BMSC
and kidney vascular EC, compared with monoculture.® In-
terestingly, as shown by Villars et al., in a coculture of OC-
positive BMSC with HUVEC the level of OC synthesis was
lower than in the BMSC monoculture on day 3, 6, and 920
This result is in a good coincidence with our finding. How-
ever, Kaigler et al. have documented significantly higher OC
level in a culture medium collected after both 7- and 14 days
of BMSC-EC coculture, compared with the OB monoculture.’
Despite all these ambiguities, it is interesting that the relation
between OB monoculture and OB-EC coculture with respect
to all the investigated osteogenic genes expression that we
have obtained is similar to the results reported for MG63
osteosarcoma cell line."® Clearly, this aspect needs further
investigation.
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In conclusion, our study indicates that HUVEC signifi-
cantly promote HBDC expansion. Our observations revealed
the occurrence of this effect much earlier in coculture than
previously reported for BMSC. We have shown that this ef-
fect is dependent on HBDC:HUVEC ratio and is the stron-
gest when EC comprise the majority of cells in coculture. At
the same time HUVEC survive well and may form tubular
structures. We have also confirmed that EC are involved in
OB differentiation, that is, they not only enhance ALP gene
expression and ALP activity in a direct coculture, but also
upregulate Coll I gene in OB. Our findings, and particularly
the beneficial EC influence on OB expansion, could be used
in bone tissue engineering.
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