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Osteoimmunology is an emerging field of research focused on the interaction of the immune system and bone. In this study we
demonstrate that human osteoblasts are sensitive to the immune cytokine interferon (IFN)b. Osteoblasts respond to IFNb as shown by
the induction of several known IFN target genes such as interferon-induced (IFI) proteins (IFIT1, IFI44L), interferon-stimulated gene factor
3 (ISGF3) complex and the induction of IFNb itself. We demonstrated that IFNb has severe inhibitory effects on mineralization of
osteoblast-derived extracellular matrix (ECM). Analysis of the timing of the IFNb effects revealed that committed osteoblasts in early
stage of differentiation are most sensitive to IFNb inhibition of mineralization. A single IFNb treatment was as effective as multiple
treatments. During the progress of differentiation osteoblasts become desensitized for IFNb. This pinpoints to a complex pattern of IFNb
sensitivity in osteoblasts. Focusing on early osteoblasts, we showed that IFNb decreased gene expression of ECM-related genes, such as
type I Collagen (COL1A1), fibronectin (FN1), fibullin (FBLN1), fibrillin (FBN2), and laminin (LAMA1). Additionally, ECM produced by
IFNb-treated osteoblasts contained less collagen protein. IFNb stimulated gene expression of osteopontin (OPN), annexin2 (ANXA2),
and hyaluronan synthase 1 (HAS1), which are important factors in the adhesion of hematopoietic stem cells (HSC) in the HSC niche. In
conclusion, IFNb directly modifies human osteoblast function by inhibiting ECM synthesis eventually resulting in delayed bone formation
and mineralization and induces a HSC niche supporting phenotype. These effects are highly dependent on timing of treatment in the early
phase of osteoblast differentiation.
J. Cell. Physiol. 227: 2668–2676, 2012. � 2011 Wiley Periodicals, Inc.

Research on bone destruction that is associated with
inflammatory diseases (i.e., rheumatoid arthritis) led to an
association between the skeletal and immune system. The field
of osteoimmunology is rapidly expanding and reveals numerous
interplays between the immune system and bone cells
(Nakashima and Takayanagi, 2009). Interferons (IFN) are
important players in the immune system. There are different
types of IFNs and their classification is based on the receptors
they bind to. The classical and best studied IFNs are IFNa,-b,
and -g. IFNa and IFNb are type I IFNs and bind to IFN-a/b
receptor (IFNAR) 1 and IFNAR2. IFNg is a type II IFN and binds
to IFN-g receptor (IFNGR) 1 and IFNGR2.

It has been shown that various IFNs inhibit
osteoclastogenesis (Takahashi et al., 1986; Coelho et al., 2005;
Avnet et al., 2007; Ji et al., 2009). One mechanism of action is
that RANKL induces IFNb production in osteoclast precursors
resulting in interference with the RANK/RANKL system,
leading to inhibition of osteoclastogenesis and thereby
introducing a negative feedback loop (Takahashi et al., 1986;
Takayanagi et al., 2000; Takayanagi et al., 2002; Ha et al., 2008).

IFNs modify differentiation of mesenchymal stem cell (MSC)
and osteoblasts (Abukawa et al., 2006; Peiffer et al., 2007). IFNb
stimulates mineralization in murine MC-3T3 osteoblastic cells
(Ida et al., 2006) whereas IFNa decreases alkaline phosphatase
(ALP) activity in human osteoprogenitors (Oreffo et al., 1999).
Signal transducer and activator of transcription 1 (STAT1) is the
main mediator of IFN signaling. In its unphosphorylated form
STAT1 has been shown to bind the key driver of osteoblast
differentiation, runt-related transcription factor 2 (Runx2),
leading to attenuation of its transcriptional activity and

suppression of osteoblast differentiation (Komori et al., 1997;
Liu et al., 2001; Kim et al., 2003).

An important function of osteoblasts is the production of an
extracellular matrix (ECM) that eventually mineralizes. The
major constituent of ECM is collagen I but it also contains other
collagens (Keene et al., 1991a; Keene et al., 1991b; Landis, 1999)
and numerous so-called non-collagenous proteins such as
osteocalcin (Ducy et al., 1996), osteopontin (OPN) (Reinholt
et al., 1990), and bone sialoprotein (Gordon et al., 2007) that
can influence mineralization. There are indications that type I
IFNs can decrease collagen production in human osteoblastic
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cells (Beresford et al., 1990) and it has been shown that
osteocalcin is increased and OPN decreased in plasma of
IFNb-treated multiple sclerosis (MS) patients (Weinstock-
Guttman et al., 2006; Chen et al., 2009).

The aim of the current study was to extend these
observations and to examine in detail the effect of IFNb on the
differentiation of and mineralization by human pre-osteoblasts.
This is important from a clinical point of view as type I IFNs are
widely used to treat several diseases such asMS and hepatitis C.
In both conditions, patients are prone to acquire pathological
bone phenotypes (Nieves et al., 1994; Khosla et al., 1998; Solis-
Herruzo et al., 2000; Hofmann et al., 2008). Combinatory
medication of IFNa and Ribavirin (in the case of Hepatitis C) is
under debate as it affects bone mineral density (Solis-Herruzo
et al., 2000; Hofmann et al., 2008). There are also indications
that medications including IFNb affect the RANK/RANKL
system and may modulate bone phenotypes in MS patients
(Weinstock-Guttman et al., 2006). Therefore, an
understanding of type I IFN-mediated effects on bone is of great
interest to improve medication and circumvent potential bone
side effects.

Materials and Methods
Cell culture

The human pre-osteoblast cell line SV-HFO (Chiba et al., 1993)was
cultured as described previously (Eijken et al., 2007). To induce
osteoblast differentiation, medium (aMEM; Gibco BRL, Life
Technologies, Paisley, UK) was supplemented with freshly added
10mM b-glycerophosphate (Sigma-Aldrich, St. Louis, MO) and
100 nM dexamethasone (Sigma-Aldrich), with or without 100U/ml
IFNb (Cell Signaling, Danvers, MA), and replaced every 2 or 3 days.
Cells were harvested at different time points during culture. Bone
marrow-derived human mesenchymal stem cells (MSCs) were
purchased from Lonza Group Ltd. and cultured as described
previously (Bruedigam et al., 2010). Osteogenic differentiation of
theMSCs and treatmentwith IFNbwas identical to that of SV-HFO

cell cultures (see above), and medium was replaced every 3 or
4 days.

DNA, alkaline phosphatase activity, protein,
and mineralization assays

DNA, ALP, and calcium measurements were performed as
described previously (Eijken et al., 2006). Briefly, for DNA
measurements cell lysates were incubated with heparin (8 IU/ml in
PBS) and Ribonuclease A (50mg/ml in PBS) for 30min at 378C.
DNA was stained by adding ethidium bromide (25mg/ml in PBS).
Analyses were performed by using a Victor2 plate reader (Perkin
Elmer Life andAnalytical Science,Waltham,MA)with an extinction
filter of 340 nm and an emission filter of 590 nm. ALP activity is
determined by an enzymatic reaction by which the ALP-mediated
conversion of PNPP to PNP for 10min at 378C is measured. For
calcium measurements, cell lysates were incubated overnight with
0.24M HCl at 48C. Calcium content was determined
colorimetrically with a calcium assay kit (Sigma-Aldrich) according
to the manufacturer’s description. Calcium and ALP results were
adjusted for DNA content of the cell lysates. For protein
measurement 200ml of working reagent (50 volumes BCATM

reagent A and 1 volume BCATM reagent B; Pierce, Rockford, IL)
was added to 10ml of sonicated cell lysate. The mixture was
incubated for 30min at 378C, cooled down to room temperature
and absorbance was measured, using a Victor2 plate reader at
595 nm.

Quantification of mRNA expression

RNA isolation, cDNA synthesis, and PCR reactions were
performed as described previously (Bruedigam et al., 2008;
Woeckel et al., 2010).Oligonucleotide primer pairs, all being either
on exon boundaries or spanning at least one intron, were
purchased from Sigma-Aldrich. Primer sequences are listed in
Table 1. Gene names and symbols were used as provided by
the HUGO Gene Nomenclature Committee (Wain et al.,
2002).

TABLE 1. Sequences of primer sets used for qPCR in this study

Gene Forward primer Reverse primer pmol/reaction

GAPDH ATGGGGAAGGTGAAGGTCG TAAAAGCAGCCCTGGTGACC 3.75
Probe FAM-TAMRA: CGCCCAATACGACCAAATCCGTTGAC 3.75

IFIT1 TCCTTGGGTTCGTCTACAAATTG TCAAAGTCAGCAGCCAGTCTCA 1.25
IFI44L GGCAGAAGGAGCAGGACTGT GGTTTACGGGAATTAAACTGATATCTGT 1.25
IFN b CTAGCACTGGCTGGAATGAGACTA CCAGGACTGTCTTCAGATGGTTT 1.25
IRF9 GCCCTACAAGGTGTATCAGTTGCT TCGCTTTGATGGTACTTTCTGAGT 2.5
STAT1 GTCACCAAAAGAGGTCTCAA AAACCTCGTCCACGGAATGA 5
STAT2 CCCCATCGACCCCTCATC GAGTCTCACCAGCAGCCTTGT 2.5
ALP GACCCTTGACCCCCACAAT GCTCGTACTGCATGTCCCCT 3.75

Probe FAM-TAMRA: TGGACTACCTATTGGGTCTCTTCGAGCCA 0.625
COL1A1 CAGCCGCTTCACCTACAGC TTTTGTATTCAATCACTGTCTTGCC 1.25

Probe FAM-TAMRA: CCGGTGTGACTCGTGCAGCCATC 3.75
COL4A5 TGGTTCTCCGGGTCCAGCTCT CCTGGAGGACCTTCTGGACCTGGTA 2.5
COL5A3 CCTGCCTCTATCCCGACAAG GCGTCCACGTAGGAGAACTTCT 2.5
FBLN1 GGAGACCGGAGATTTGGATGT TCAGATATGGGTCCTCTTGTTCCT 2.5
FBLN5 AACCGAAGCTGCCAAGACAT AGCCCCCTTGTAAATTGTAGCA 2.5
FBN2 AGCAGGCTCTGAAGGCGGGT GTTGGGCCCTCGGAGCACG 2.5
FN1 ACCTTCACGTCTGTCACTTCCA GAAAGTACACCTGTTGTCATTCAACA 2.5
LAMA1 GGACCCCAGTAACGCTGGGC CAGGAAGTCGGGGGCCTGGT 5
PODN CGCCTGACTTCCCGAGGGCT GGAAGCGGGGTGCCAAGGTC 5
HAS1 CGGTGGACTACGTGCAGGTCTGT TACCCGGGGGTCCTCGTCCA 2.5
HAS2 TTGGAAACTGCCCGCCACCG GGAGAGAGACTCCAAAGAGTGTGGT 2.5
HAS3 GGAGATGTCCAGCCCCCAGGGAA GAAACGTGGCGTTGGTGAACGGA 10
ICAM1 GACCGCAGAGGACGAGGGCA GGGCGCCGGAAAGCTGTAGATG 5
VCAM1 CGCTGACCCTGAGCCCTGTG GGAATGAGTAGAGCTCCACCTGGA 2.5
SDF1 CAGATTGTAGCCCGGCTGAAGAACA TCCTCAGGCGTCTGACCCTCTCA 2.5
OPN CTCAGGCCAGTTGCAGCC CAAAAGCAAATCACTGCAATTCTC 12.5

Probe FAM-TAMRA: AAACGCCGACCAAGGAAAACTCACTACC 5
ANXA2 ACTTCCGCAAGCTGATGGTT GAGCATCTTGGTCAATCAGTTCAT 2.5

Most genes were detected using SYBR green; ALP and COLA1 PCRs were performed with a specific probe (FAM-TAMRA).
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Collagen staining and quantification

Collagen stainingwas performed, using Sirius Red staining. SV-HFO
cell cultures were terminated at several time points during
differentiation by removal of medium, washing with PBS (Gibco
BRL, Life technologies) and fixed with 10% formalin (Merck,
Darmstadt, Germany) for 30min at room temperature. Following
another wash step with PBS, cells were stored at 48C. For the
staining procedure, cells were washed twice with tap water.
Five hundred microliter Sirius Red solution (0.1% Direct Red
(Sigma-Aldrich) in saturated picric acid) was added to the wells
for 90min under shaking conditions at room temperature,
followed by threewasheswith 0.01MHCl. To dissolve the staining,
0.1M NaOH was added and incubated on a shaker for 60min.
One hundred microliter of the dissolved solution was transferred
to a 96-well plate and measured at 532 nm in a Victor2 plate reader
(Perkin Elmer Life and Analytical Science). For quantification, a
standard curve was created, using 10 dilutions between 0 and
100mg of bovine collagen solution (Stem Cell Technologies Inc.,
Vancouver, Canada). The staining procedure was identical to
the cells, but after each incubation or wash step, collagen had
to be spun down for 5min at 14,000 rpm to pellet the stained
collagen.

Illumina gene chip-based gene expression

Illumina HumanHT-12 v3 BeadChip (Illumina, Inc., San Diego, CA)
humanwhole-genome expression arrays were used. RNA integrity
of isolated RNA was assessed by RNA 6000 Nano assay on a 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA). The RNA of
three biological replicates for each condition (control, 100U/ml
IFNb at 2 h and 24 h) was analyzed. The Illumina TotalPrep RNA
Amplification Kit (Ambion Inc., Austin, TX) was used for RNA
amplification of each sample according to manufacturer’s
instructions. In short, T7 oligo(dT) primer was used to generate
single stranded cDNA followed by a second strand synthesis to
generate double-stranded cDNA. In vitro transcription was done
to synthesize biotin-labeled cRNA using T7 RNA polymerase. The
cRNA was column purified and checked for quality by RNA 6000
Nano assay. A total of 750 ng of cRNA was hybridized for each
array using standard Illumina protocol with streptavidin-Cy3 (GE
healthcare, Little Chalfont, UK) being used for detection. Slides
were scanned on an iScan and analyzed using BeadStudio (both
from Illumina, Inc.).

Microarray analysis

Raw data were background subtracted using GenomeStudio v2010
(gene expression module 1.6), and processed using the
Bioconductor R2.10.0 lumi-package (Du et al., 2008). Data were
variance stabilization transformed and quantile normalized. Probes
that were at least five times present in the experiments (detection
P-value< 0.01), were considered to be expressed and further
analyzed. Differential expressed probes were identified using
Bioconductor package ‘‘limma’’, linear models and empirical Bayes
methods for assessing differential expression in microarray
experiments (Smyth, 2004). Selected Illumina IDs (genes regulated
with a P-value of <0.005) were analyzed for gene ontology (GO)
using the Database for Annotation, Visualization and Integrated
Discovery (DAVID) 2008 hosted by the National Institute of
Allergy and Infectious Diseases (NIAID), NIH and through the
use of Ingenuity Pathways Analysis (Ingenuity1 Systems,
www.ingenuity.com).

Statistics

The data provided are based on at least three independent
experiments derived from three independent cultures. Values are
means� SEM. Significance was calculated using the Student’s t-test
and P-values< 0.05 were considered significant.

Results

Using RT-PCR we found that the receptors IFNAR1 and
IFNAR2 are abundantly expressed in SV-HFO, but expression
was not affected by IFNb treatment (data not shown). The
IFNARs are functional as shown by IFNb-induced mRNA
expression of IFIT1, IFI44L 24 h after start of differentiation,
which are IFN target genes involved in type I IFN signal
transduction. In addition, IFNb induced expression of all three
components of the interferon-stimulated gene factor 3 (ISGF3)
(STAT1, STAT2, and IFN regulatory factor 9 (IRF9)) as well as
its own expression (Fig. 1).

Next we assessed whether IFN b treatment lead to
phenotypic alterations in the osteoblast differentiation
program andmineralization. Treatment with IFNb up to day 14
of culture did not change DNA and protein content compared
to control cultures (Supplementary Fig. 1A,B). The activity of
the differentiation marker ALP was also not affected by IFNb
at several time points during differentiation (Supplementary
Fig. 1C). However, mineralization was significantly inhibited by

Fig. 1. Effect of IFNb on expression of IFN b target genes. SV-HFO
cells were treated for 24 h with 100U/ml IFNb at day 0 of culture.
Expression of IFNb target genes (A) IFIT1 and (B) IFI44L, (C) STAT1,
(D) STAT2, (E) IRF9, and (F) IFNb itself were determined by qPCR
and expressed relative toGAPDH expression. Values are normalized
to controlU 1. aP-value < 0.05; bP-value < 0.01; cP-value< 0.001 versus
control.
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IFNb (Fig. 2A,B). Similar effects were observed after treatment
with the other type I IFN, IFNa (data not shown).

From earlier studies using the SV-HFO pre-osteoblasts
(Eijken et al., 2007; Woeckel et al., 2010), we knew that timing
and duration of treatment are important determinants for
regulation of osteoblast differentiation. We assessed whether
the effect of IFNb on mineralization are stage and treatment-
duration dependent. First, we investigated treatment periods
starting at the onset of differentiation (day 0 of culture) ranging
from 8 h to 7 days treatment during the pre-mineralization
period. Interestingly, 40–60% mineralization inhibition is
achieved by all treatments regimens (Fig. 3A). Treatments
starting at later time points while differentiation is ongoing
(for example starting at day 7 of culture) led to only 20–30%
inhibition of mineralization (Fig. 3B). These observations
demonstrated that a single short-term treatment in the very
early phase of pre-osteoblast differentiation is sufficient to
reach maximal inhibition of mineralization.

This suggests IFNb desensitization either induced by
IFNb itself or due to a mechanism intrinsic to osteoblast
differentiation. We next studied in more detail mRNA
profiles of the six previously mentioned IFNb target genes
(IFIT1, IFI44L, STAT1, STAT2, IRF9, and IFNb) during early pre-
osteoblast differentiation. We investigated the impact of
single and multiple IFNb treatments on the expression of
these genes. To this end, IFNb was administered to the cells
at days 0, 3, and 5 of culture and RNA was isolated 24 h after
each administration, i.e., at days 1 (¼ a single treatment),
4 (¼ two treatments), and 6 (¼ three treatments), respectively.
As expected, after the first treatment with IFNb the
expression of all six genes was significantly induced (Fig. 4A–F
and Fig. 1A–F). Interestingly, after the second IFNb treatment
none of the genes, except IFI44L, were induced (Fig. 4). IFI44L
was still induced but significantly less strong than after a single
treatment (Fig. 4B). After the third IFNb treatment expression

of IFIT1, IFI44L, and IRF9 were significantly decreased
(Fig. 4A,B,E).

To assess an osteoblast differentiation intrinsic
desensitization we investigated the response of osteoblasts
to a single IFNb treatment at various days during early
differentiation. At days 0, 3, or 5, osteoblasts received a single
IFNb treatment for 24 h. IFNb treatment at the start of
differentiation (day 0) induced IFIT1, IFI44L, STAT1, STAT2,
IRF9, and IFNb mRNA expression (Fig. 5A–F and Fig. 1A–F).
A single IFNb 24-hours treatment at day 3 of culture caused a
similar induction of the six genes compared to treatment at day
0. However, with the exception of a small increase in STAT1
mRNA expression, the osteoblasts did not respond to IFNb
when treated for 24 h at day 5 of culture (Fig. 5A–F). The
expression of none of the STAT1 inhibitors (protein inhibitor
of activated STAT1 (PIAS1), suppressor of cytokine signaling
proteins 1 and 3 (SOCS1, SOCS3) and protein-tyrosine
phosphatase, nonreceptor-type 2 and 11 (PTPN2, PTPN11))
did change during these first days of osteoblast differentiation

Fig. 2. IFNb effects on mineralization. A: SV-HFO cells, cultured
in control or IFNb-containing medium, stained for Calcium by
Alizarin Red at day 14. B: SV-HFO cells were continuously cultured in
control or IFNb-containingmedium until the onset of mineralization
(day 14), harvested andmineralizationwasmeasured by determining
the calcium content. Normalized to controlU 100%. bP-value < 0.01
versus control.

Fig. 3. Time-course of IFNb effect on mineralization. A: SV-HFO
cells treated on day 0 on for 8 h (8 h), 24 h (24h), 72h (72 h), or 7 days
(7d)with 100U/ml IFNb. After IFNb treatment for the indicated time
periods was finished, the cells were cultured in control condition until
the onset ofmineralization (day 14).Datawere normalized to control
(U 100%). B: SV-HFOcellswere cultured either in controlmedium, or
in IFNb containing medium from days 0–7 (0–7) or days 7–14 (7–14).
At day 14 cultures were harvested and Calcium content was
determined. Data were normalized to control (U 100%). aP-
value < 0.05; bP-value < 0.01; cP-value< 0.001 versus control.

JOURNAL OF CELLULAR PHYSIOLOGY

I F N b , O S T E O B L A S T S , A N D M I N E R A L I Z A T I O N 2671



(days 1, 4, and 6) or was affected by IFNb treatment (data not
shown).

To focus further on the impact of treatment window we
investigated the effect of IFNb on hMSCs, the precursor of
osteoblasts. Osteogenic induction of MSCs led to a sixfold
increase in the expression of the osteoblast differentiation
marker ALP within 48 h providing evidence for osteoblastic
commitment (Fig. 6A). Treatment with IFNb starting at day 0,
prior to commitment to the osteoblast lineage, or starting after
48 h osteogenic induction (committed MSCs) lead to different
effects at the onset of mineralization. Treatment at day 0
simultaneous with the osteogenic induction had no effect on
mineralization, whereas treatment starting after osteoblast
commitment led to inhibition of mineralization as seen for
the SV-HFO cells (Fig. 6B). These data further emphasized
the importance of IFNb treatment timing for the subsequent
consequences on mineralization.

To address the mode of mineralization inhibition by IFNb,
we first focused on the production of ECM. Mineralization
critically depends on the formation of ECM by osteoblasts. We
assessed the effect of IFNbon expression of various ECMgenes
after 24 h, 72 h, and 6 days treatment. No changes in gene
expression were observed after 24-hours treatment with IFNb
(data not shown). However, at 72 h the expression of various

matrix genes is downregulated (Table 2). This effect was
temporary since after treatment for 6 days expression of these
geneswas not different from control anymore (Table 2). Finally,
we assessed the impact of IFNb treatment on total collagen
production in the ECM by Sirius Red staining. After the first
3 days of culture we detected a 10% decrease in collagen
staining in IFNb-treated cultures (Fig. 7A). This 10% deficit
persisted during the entire differentiation period as the
difference in collagen staining from day 3 onwards did not differ
between control and IFNb cultures (Fig. 7B).

During the last years it has become evident that
hematopoietic stem cells (HSC) attach to cells with an early
osteoblastic character (N-cadherin positive, CD45 negative)
(Zhang et al., 2003) and that ECM-related genes, in particular
OPN as suppressor of HSC activation, is playing an important
role in niche formation (Nilsson et al., 2005; Stier et al., 2005).
At day 3 of culture, SV-HFO cells do not show gene expression
of CD45 but express N-cadherin mRNA (data not shown)
suggesting that early SV-HFO could possibly be involved in
forming an HSC niche. Recently, it has been demonstrated
that type-I-IFNs are capable to activate quiescent HSCs
(Essers et al., 2009; Sato et al., 2009). As demonstrated,
IFNb acted on early osteoblasts (Figs. 3 and 6) and we were
interested whether IFNb influences early osteoblasts in
such a way that the HSC niche may be affected. Therefore,
we analyzed gene expression of various proteins shown to
be involved in HSC adhesion (OPN, annexin2 (ANXA2),
HAS 1, 2, and 3, Inter-Cellular-Adhesion Molecule 1 (ICAM1),
Vascular-Cellular-AdhesionMolecule 1 (VCAM1), and stromal-

Fig. 4. Osteoblast responsiveness toward multiple treatments of
IFNb. SV-HFOwere treated 1T (day 0), 2T (day 3), or 3T (day 5)with
IFNb. 24 h later RNA was isolated and RT-PCR is performed on (A)
IFIT1, (B) IFI44L, (C) STAT1, (D) STAT2, (E) IRF9, and (F) IFNb.
Values are the IFNb induced expressions (relative toGAPDH) stated
in fold change. aP-value < 0.05; bP-value < 0.01; cP-value < 0.001 versus
control.

Fig. 5. Osteoblast responsiveness toward a single treatment of
IFNb. SV-HFO cells were treated at days 0, 3, and 5 once with IFNb
(white bars: Control; black bars: IFNb). 24 h later RNA was isolated
and RT-PCR is performed on (A) IFIT1, (B) IFI44L, (C) STAT1,
(D) STAT2, (E) IRF9, and (F) IFN b. Control condition was
normalized to 1 and values are stated in fold change. aP-value < 0.05;
bP-value< 0.01; cP-value < 0.001 versus control.
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cell-derived factor 1 (SDF1)) at day 1 of culture. IFNb
induced expression of OPN, HAS1, and ANXA2 after 24 h.
HAS3, SDF1, ICAM1, and VCAM1 were not significantly
regulated (Table 3).

In summary, our data clearly demonstrated that IFNb
exclusively acts during early osteoblast differentiation to impair
ECM production, which finally leads to decreased
mineralization. Further studies have to be completed to
elucidate the role of IFNb in the osteoblast-HSC niche.

Discussion

In this study we clearly demonstrate that IFNb directly
influences human osteoblast function by affecting ECM
synthesis eventually resulting in reduced mineralization. In the
early phase of osteoblast differentiation IFNb reduces the
expression of various ECM proteins as well as total collagen
protein content. Most interestingly, simultaneously IFNb
regulates the expression of genes known to be involved in the
HSC stem cell niche (Nilsson et al., 2003; Nilsson et al., 2005;

Stier et al., 2005; Jung et al., 2007). This positions IFNb as an
important regulator of the osteoblast phenotype and at the
interface of osteoblasts and HSC and thereby control of
development of immune cells.

In the microenvironment of osteoblasts IFNb can be
produced by immune cells or by osteoclasts (Takayanagi et al.,
2002). Here we show that IFNb is expressed by human
osteoblasts and that expression is homologous up-regulated
suggesting that autocrine/paracrine signaling occurs. Immune-
related responses in osteoblasts have been described before,
as they respond to various bacterial infections via toll-like
receptors (TLR) and produce interleukin 6 (IL6) (Gasper et al.,
2002; Marriott et al., 2004). The current results show that
osteoblasts typically respond by up-regulating interferon-
induced-proteins (IFIT1 and IFI44L) as well as IRF9, STAT1 and
STAT2 as part of the heterotrimeric signaling transducer ISGF3.

This is the first time showing type I IFN effects on osteoblast-
mediated mineralization. The IFNb concentration used did not
affect cell growth or osteoblast differentiation as assessed
by ALP activity. The effect on mineralization is apparently

Fig. 6. IFNb inhibition of mineralization is dependent on the commitment of MSCs. A: ALP expression of control MSCs was determined at
time points 0 h and 48h of the process of differentiation. B: The rate ofmineralizationwas determined at the onset ofmineralization (dependent
on the donor between day 14 and 21). IFNb treatment was started either at 0 h or at 48 h after differentiation was initiated. cP-value < 0.001
versus control.

TABLE 2. IFNb effect on expression of ECM genes

Gene Regulated by IFNb (T/C)—24 h P-value Regulated by IFNb (T/C)—72 h P-value Regulated by IFNb (T/C)—6 days P-value

COL5A30 1.22� 0.14 0.441 0.59� 0.10 0.002 1.01� 0.05 0.944
FBN2 1.08� 0.16 0.690 0.62� 0.09 0.005 1.09� 0.03 0.210
COL1A1 1.24� 0.23 0.482 0.66� 0.12 0.049 0.98� 0.05 0.867
LAMA1 1.40� 0.15 0.087 0.66� 0.07 0.008 1.11� 0.06 0.181
FBLN1 1.05� 0.07 0.729 0.67� 0.10 0.014 n.d.
FN1 1.15� 0.06 0.319 0.68� 0.09 0.008 n.d.
PODN 1.33� 0.18 0.177 0.72� 0.05 0.001 1.08� 0.03 0.297
FBLN5 1.05� 0.06 0.689 0.74� 0.10 0.034 n.d.
COL4A5 1.12� 0.15 0.536 0.75� 0.10 0.035 n.d.

SV-HFO cells were incubated with or without 100U/ml IFNb for 24 h, 72 h, or 6 days starting at day 0 of culture. After these incubation periods cells were harvested and RNA was isolated.
Expression values were corrected for GAPDH.
Values are fold changes compared to control.
n.d. is not determined.
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established within the first hours after the initiation of
differentiation, as an 8 h IFNb treatment is sufficient to reach
the same degree of mineralization inhibition compared to a
14-day treatment. This immediate response is not surprising as
IFNb belongs to the innate immune system. IFNb reacts to viral
infections and its immediate signal transduction is of importance
for survival of the system by triggering an immune response of
uninfected neighbor cells (Reviewed by Biron et al. (Biron,
1998)). The mechanism by which IFNb exerts this effect on
mineralization is not fully understood yet but some aspects of it
can be addressed. First, at amolecular level interaction between
STAT and RUNX2 is likely. IFNb increases the expression of
classical IFN response genes including STAT1 within 24 h. The
importance of STAT1 in osteoblast differentiation has been
shown by the fact that even independent of phosphorylation
STAT1 can interact with Runx2 and inhibit its nuclear
translocation (Kim et al., 2003). Secondly, at a cellular level
IFNb regulation of ECM protein expression and deposition is
likely involved. We demonstrated that the expression of
numerous ECM genes is down 72 h after IFNb treatment. This
effect was not observed after 24 h indicating that it is part of an
indirect, second wave of effects, following the activation of the
primary target genes and fitting the observation that only a
short pulse of IFNb is sufficient to inhibit mineralization. The
effect on down-regulation of ECM genes is in line with studies
showing a down-regulation of collagens in fibroblasts and

osteogenic cells by type-I and type-II IFNs (Duncan and Berman,
1989; Beresford et al., 1990). However, we found that the
down-regulation was temporary since continuous IFNb
treatment did not affect ECM-associated genes at later time
points. Quantification of collagen produced by control versus
IFNb-treated cultures supported the gene expression
observations. Irrespective of SV-HFOcells being treated for the
first 72 h or continuously, IFNb indeed only affected the
collagen production of early osteoblasts since later during
osteoblast differentiation no disturbances were observed.

These latter observations on temporal suppression of ECM
genes and collagen production point to reduced sensitivity
toward IFNbduring osteoblast differentiation. Theobservation
that inhibition of mineralization was already maximal after a
single treatment at the start of culture can also be linked to
desensitization. We addressed this further by detailed analyses
of timing and number of IFNb treatments. After 5 days of
differentiation, osteoblasts did not respond to a single first
pulse of IFNb anymore (Fig. 5). Following a single pulse of
IFNb osteoblasts did not respond to a second pulse of IFNb
already after 3 days. These analyses demonstrate that
IFNb desensitization is an intrinsic process of osteoblast
differentiation, which is accelerated by treatment with IFNb.
Different mechanisms have been described for desensitization
to IFN. Following an IFN stimulus, dendritic cells modulate the
expression of IFNARs to saturate signaling and alter sensitivity
afterwards (Severa et al., 2006). In our osteoblast model
modulation of IFNAR1 and IFNAR2 mRNA is unlikely, since
their gene expression was not regulated following IFNb
treatment but modifications at the protein level cannot be
excluded. Desensitization can also be obtained by the ability of
cells to dephosphorylate STAT1 and thus modifying the activity
of the ISGF3 complex. It is postulated that desensitization of
STAT1 is mediated by phosphatases (Sakamoto et al., 2004).
In IFNb-treated osteoblasts no alterations in gene expression
of various phosphatases, PTPN2, PIAS1, SOCS1, SOCS3, and
PTPN11, known to affect STAT1, were observed (data not
shown). However, we cannot exclude that modifications of
STAT1 phosphorylation occur. Nevertheless, it has been
reported that the STAT1 inhibition of RUNX2 is independent
of its phosphorylation (Kim et al., 2003) making it questionable
whether changes in phosphorylation may contribute to

Fig. 7. IFNb inhibits Collagen production. SV-HFOcells were treatedwith orwithout 100U/ml IFNb for the first 72 h of culture. Every 2–3 days
cellswerefixedandstainedwithSiriusRedwhichextractionallowedcollagenquantification.Whitebars represent control culturesandblackbars
represent IFNb treated cultures. A:Quantificationof collagen at various timepoints during theprogress of differentiation. B: Collagen produced
by osteoblasts between day 0–3, day 3–5, day 3–10, and day 3–17. aP-value < 0.05; bP-value < 0.01; cP-value < 0.001 versus control.

TABLE 3. IFNb effect on mRNA expression of genes being involved in

adhesion of HSCs to its niche

Gene Regulated by IFNb (T/C) P-value

OPN 2.05� 0.46 0.044
HAS1 1.72� 0.18 0.016
HAS2 3.49� 1.37 0.092
HAS3 1.05� 0.11 0.845
ANXA2 1.23� 0.07 0.012
SDF1 0.93� 0.11 0.846
VCAM1 1.77� 0.48 0.142
ICAM1 1.06� 0.07 0.666

SV-HFO cells were incubated with or without 100U/ml IFNb for 24 h starting at day 0 of
culture. After these incubation periods cells were harvested and RNA was isolated.
Expression values were corrected for GAPDH.
Values are fold changes compared to control.
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the desensitization. Although the precise mechanism of
desensitization during osteoblast differentiation remains to be
elucidated, the current data demonstrate that an IFNb pulse in
the early phase of human osteoblast differentiation is sufficient
to repress bone formation as assessed by ECM gene expression
and collagen deposition as well as eventual decreased
mineralization. The findings of negative effects of IFNb on bone
formation are of importance from a clinical point of view as
MS and hepatitis C patients are often treated with IFNb.
Interestingly, in both diseases IFN-based medications are
under debate for their effect on existing bone diseases (i.e.,
osteoporosis) (Solis-Herruzo et al., 2000;Weinstock-Guttman
et al., 2006; Hofmann et al., 2008).

The results discussed so far were obtained with already
committed pre-osteoblasts. As the IFNb inhibition of
mineralization is due to effects at the early stage of osteoblast
differentiation we took this further and investigated human
MSCs as precursors of early osteoblasts for their response to
IFNb. These analyses together with those of SV-HFO cells
demonstrate that mineralization is only inhibited via effects of
IFNb on early committed osteoblasts. Treatment of MSCs
before commitment to the osteoblast lineage did not result in
inhibition of mineralization. Overall, these data demonstrate
that human osteoblasts are only sensitive to IFNb during a
narrow time window of early differentiation.

Finally, our data suggest that IFNb acts as a functional switch
for osteoblast activity transforming it from a bone forming cell
toward a cell with a stem cell niche function. It has been shown
that the hematopoietic stem cell (HSC) niche is formed by cell–
cell interactions of HSCs and early osteoblasts (Zhang et al.,
2003). Upon type I IFN stimulation, HSCs start to proliferate
and differentiate (Resnitzky et al., 1986; Sato et al., 2009);
changes within the niche are anticipated. Adhesion of HSCs
to osteoblasts derived from ANXA2-deficient mice was
significantly impaired compared to osteoblasts obtained from
wild type animals (Jung et al., 2010). Most interestingly, we
found that IFNb increasedANXA2 expression. The expression
of SDF1, a key regulator of HSCs (Nagasawa et al., 1996; Peled
et al., 1999), was not regulated by IFNb. However, it has been
shown that SDF1 binds directly to ANXA2 (Jung et al., 2007).
IFNb can therefore enhance the ANXA2-mediated
presentation of SDF1 to HSCs and fortify HSC adhesion.
Additionally, we showed that IFNb increased in OPN
expression and it has been shown that HSCs adhere toOPN. In
OPN-deficient mice HSCs are randomly distributed within the
bone marrow, suggesting that OPN is an important factor for
attracting HSCs to its niche (Nilsson et al., 2005; Stier et al.,
2005). Another adhesion molecule is hyaluronan (HA) which is
produced by HAS. In the absence of HA, 40% less HSCs were
located in the endosteum suggesting an important role of HA
within the lodgement of HSCs (Nilsson et al., 2003). In our
study, the expression of HAS1 was significantly increased by
IFNb and therefore increased HA production is likely, which
will stimulate HSC lodgement. Overall, we were able to
demonstrate that IFNb modified HSC-niche related gene
expression of early osteoblasts in such a way that adhesion of
HSCswithin the nichemay be fortified (Nilsson et al., 2003; Jung
et al., 2007). Thus, the observed gene expression suggests that
IFNb induces an osteoblast phenotype that supports HSC
adhesion and lodgement. Further studies are needed to
elucidate in detail type I IFN signaling as a switch in osteoblasts
toward a HSC niche supporting function and thereby
substantiating the link between osteoblasts and HSC.

Based on our current data and data from literature we
propose the following concept to position IFNb in the
physiology of bone and bone marrow homeostasis. We put
forward that IFNb plays an important role in generating and/or
maintaining the HSC stem cell niche at the bone surface. Firstly,
in osteoblasts, IFNb delays the development of a bone forming

phenotype and secondly, enhances the expression of genes
enabling the osteoblasts to function as part of the stem cell
niche. Thirdly, in order to prevent an extreme disturbance of
bone formation/metabolism and as a consequence to a
reduction in bone strength and potentially fractures, two
processes are of importance. (1) To balance the reduction
in bone formation, IFNb also inhibits osteoclastogenesis
(Takayanagi et al., 2002), and (2) to prevent massive and
complete block of bone formation osteoblasts are only
sensitive to the bone forming inhibitory effect of IFNb during a
very short window of differentiation.

Overall, our data clearly demonstrated a role for IFNb in
osteoblast differentiation and activity involving impairment
of ECM production in early stage of osteoblast differentiation
eventually leading to reduced mineralization.
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