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T-Cell Cytokine Induction of BMP-2
Regulates Human Mesenchymal Stromal
Cell Differentiation and Mineralization

Leonard Rifas*

Department of Pediatrics, Washington University School of Medicine, St. Louis, Missouri

Abstract How T-cells, attracted to local sites of inflammation in arthritides, affect heterotopic ossification is
presently unknown. Here, we tested the hypothesis that T-cell cytokines play a role in the differentiation of human
mesenchymal stromal cells (HMSC) into the osteoblast phenotype by inducing autologous BMP-2, providing a possible
mechanism for heterotopic ossification. HMSC from multiple donor bones were treated with either activated T-cell
conditioned medium (ACTTCM) or physiological concentrations of the major inflammatory cytokines, TNF-a, TGF-b,
IFN-g, and IL-17 (TTII), individually or in combinations. ACTTCM induced BMP-2 protein in a time-dependent manner
over a 48 h period and alkaline phosphatase (AlkP) within 7 days. In combination, TTII, like ACTTCM, induced AlkP and
synergistically induced BMP-2 protein. Either individually, or in combinations of up to three, the T-cell cytokines failed to
induce BMP-2 above control levels while a combination of all four cytokines synergistically induced BMP-2 10-fold as
assessed by ELISA. TTII inducedmineralizedmatrix as effectively as dexamethasone. Inhibition of p38MAPK completely
inhibited TTII-induced BMP-2 production and matrix mineralization. Real time RT-PCR analysis demonstrated a striking
early (within 4 h) increase in BMP-2 gene expression by TTII, which was suppressed by p38 MAP kinase inhibition. In
localized chronic inflammatory diseases, T-cell cytokines released at localized sites of inflammation may be the driving
force for differentiationof localmesenchymal stromal cells into the osteoblast phenotype thereby playing a significant role
in the heterotopic ossification observed in these diseases. J. Cell. Biochem. 98: 706–714, 2006. � 2006 Wiley-Liss, Inc.
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Bone loss associated with postmenopausal
osteoporosis [Cenci et al., 2000; Weitzmann
et al., 2001a,b; Cenci et al., 2003], spondylar-
thropathies (SpA) [Huang and Schwarz, 2002],
and inflammatory arthritides [Miossec, 2000]
is regulated by multiple immune cytokines.
Patients with any of these diseases exhibit high
bone turnover, defined as accelerated osteoblast
activity in association with an even higher
osteoclast activity, with the net result of bone
loss [Clowes et al., 2005]. As such there is reason

to believe that inflammatory cytokines may
regulate osteoblast differentiation and bone
formation.

Inflammatory cytokines, such as TNF-a have
been studied for their role in bone repair. For
example, during fracture repair in TNF-a
receptor null mice, osteoblasts which are nor-
mally recruited into the marrow space are
replaced with granulation tissue cells [Gersten-
feld et al., 2001; Kon et al., 2001]. These studies
suggest that TNF-a plays a crucial role in
promoting postnatal bone repair. Furthermore,
recent studies have demonstrated that several
cytokines produced by activated T-cells (IL-1,
IL-17, TNF-a, and IFN-g) regulate bone remo-
deling [van Bezooijen et al., 1999; Chabaud and
Miossec, 2001; Miossec, 2004]. In the process of
stimulating remodeling multiple T-cell cyto-
kines appear to act in concert to increases bone
resorption through osteoclastogenesis and bone
formation through activation of osteoblast dif-
ferentiation [Huang and Schwarz, 2002; Rifas
et al., 2003].
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Recent studies have shown that ectopic BMP-
2 induces the osteoblast phenotype via a p38
MAP kinase-dependent mechanism in both
rodent [Guicheux et al., 2003] and human
mesenchymal stromal cells (HMSC) [Noth
et al., 2003]. We have previously demonstrated
that activated T-cells rapidly induce the osteo-
blast phenotype in HMSC [Rifas et al., 2003].
Thus, T-cell cytokines released at localized sites
of inflammation may be the driving force for
differentiation of local mesenchymal stromal
cells into the osteoblast phenotype. But how
they induce anabolic bone effects and whether
they induce bone via induction of BMPs and
regulation of p38 MAP kinase is still virtually
unknown. We now report that the synergistic
actions of activated T-cell cytokines induce
HMSC into the osteoblast phenotype via induc-
tion of autologous BMP-2 and that this process
is regulated by the p38 MAP kinase pathway.

MATERIALS AND METHODS

All chemicals were purchased from Sigma-
Aldrich unless otherwise indicated.

Recombinant Cytokines

Recombinant human TNF-a, TGF-b1, IFN-g,
and IL-17 were obtained from R&D Systems
(Minneapolis, MN).

MAP Kinase Inhibitor

Thep38MAPkinase inhibitor, SB203580was
purchased from Calbiochem as the water-
soluble form. Stock concentrations of 2 mM of
each were prepared and frozen at �208C until
used. Stock concentrations were diluted in
medium to 1 mM for the appropriate experi-
ments.

Isolation of T-Cells

Peripheral blood mononuclear cells (PBMC)
were obtained in the form of buffy coats from the
American Red Cross and further purified by
separation on Histopaque (1.077 gms/ml) lym-
phocyte separation medium as previously
described [Rifas and Arackal, 2003]. The
Washington University Institutional Review
Board approved the use of human buffy coats.

T-Cell Cultures

T-Cells were cultured at 1� 106 cells/ml
in AIM V serum-free medium (GIBCO) and

activated as previously described [Rifas and
Arackal, 2003; Rifas et al., 2003]. After a 72 h
incubation period the activated T-cell condi-
tioned medium (ACTTCM) was harvested and
frozen at �808C until used in the experimental
protocols.

Preparation of Human Mesenchymal
Stromal Cells (HMSC)

Human rib specimens from six donors were
obtained from the Missouri Transplantation
Services, St. Louis, MO, as donor tissue. Bone
marrow preparations derived from iliac crest of
two donors were purchased from Stem Cells
Technologies (Vancouver, CA) and one donor
from Cambrex BioScience (Walkersville, MD).
Bone marrow stromal cells were prepared as
previously described [Cheng et al., 1994; Rifas
et al., 1995]. HMSC were used at passages 2–3.

Cytokine Stimulation of HMSC

Cells were seeded into wells of 48-well tissue
culture plates at 2� 104 cells/well in Dulbecco’s
modified Eagle’s medium (DMEM, low glucose
formulation, Sigma-Aldrich) supplementedwith
10% fetal bovine serum (FBS, Hyclone) and
incubated for 4 days. The confluent cells were
washed with phosphate buffered saline (PBS,
MediaTech) then incubated for 24 h in DMEM
containing 0.2% FBS. Cells were treated with
either 25% ACTTCM or T-cell cytokines and
the conditioned media (CM) collected after the
appropriate time of incubation as noted in the
figure legends. To study the regulation of BMP-
2 expression by p38 MAP kinase, SB203580, a
specific inhibitor of p38MAP kinase, was added
to the cultures at 1 mMfor 1 h prior to addition of
test agents. Medium was collected after the
indicated times and frozen at �808C until
assayed.

BMP ELISA Assays

Production of BMP-2, BMP-4, BMP-6, and
BMP-7 in the CM were determined using
specific ELISAs from R&D Systems or Pepro-
Tech (Rocky Hill, NJ).

Alkaline Phosphatase Assays

HMSC were cultured for 7 days in DMEM,
10%FBS,10mMb-glycerophosphate, and100mM
ascorbic acid 2-phosphate. Cell layers were
assayed for alkaline phosphatase (AlkP) as
previously described [Rifas et al., 2003].
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Alizarin Red Staining

Cells were fixed and stained for alizarin red
staining as previously described [Prabhakar
et al., 1998]. Alizarin red quantification was
performed as previously described [Stanford
et al., 1995]. Cells were incubated in DMEM,
10%FBS,10mMb-glycerophosphate, and100mM
ascorbic acid 2-phosphate (Sigma-Aldrich)
(differentiation medium) and test agents (TTII
or dexamethasone, 100 nM) for 21 days. Med-
ium was changed every 3–4 days and test
agents re-added each time. After 21 days, cells
werefixedasabove then stained ina1%solution
of alizarin red, pH 4.1, for 5 min followed by
three rinseswithMilliQwater. For some experi-
ments, HMSC were pre-incubated for 1 h with
SB203580 then incubated with either medium
alone or TTII for 21 days. Medium was changed
every 3–4 days with the addition of p38 MAP
kinase inhibitor and TTII as indicated.

Quantitative Reverse Transcriptase-Polymerase
Chain Reaction (qRT-PCR)

HMSC were seeded into 100-mm culture
dishes (1� 106 cells/dish) and incubated for
24 h with either medium alone or TTII. Media
were aspirated and total RNA extracted using a
QiagenRNeasymini kit (Qiagen, Inc., Valencia,
CA ). The isolatedRNAswere treated on column
with a DNase digestion kit (Qiagen) according
to the manufacturer’s instructions to eliminate
genomic DNA contamination.

Quantitative reverse transcriptase-polymer-
ase chain reaction (qRT-PCR) was performed
using a QuantiTect SYBR Green RT-PCR Kit
(Qiagen). Amplificationwas performed on 50 ng
total RNA per sample using the following
primers: BMP-2: forward [50-TCA AGC CAA
ACA CAA ACA GC-30], reverse [50-ACG TCT
GAA CAA TGG CAT GA-30] [Bunger et al.,
2003]; GAPDH: forward [50-GCTTGTCATCAA
TGG AAA TCC CAT CAC CAT-30], reverse 50-
CTT GAG GCT GTT GTC ATA CTT CTC ATG
GTT-30] was used as a control to insure that
equal amounts of RNA were amplified. RT was
performed at 508C for 30 min to generate first
strand cDNA, followed by 958C for 15 min to
inactivate the reverse transcriptase. PCR was
performed as follows: denaturation 948C, 30 s;
annealing 608C, 30 s; elongation 728C, 1 min.
Each reaction was subjected to melting tem-
perature analysis to confirm single amplified
products. Real time PCR was performed in

triplicate andBMP-2 amplificationwas normal-
ized to GAPDH. Negative controls consisted of
inactivating the reverse transcriptase by boil-
ing for 5min prior to RT-PCR to insure that any
carryover genomic DNA was not being ampli-
fied. BMP-2 and GAPDH were amplified over
40 cycles using a Stratagene MX 4000 light
cycler. Data were analyzed using the DDCt
method.

Statistics Analysis

Group mean values were compared by Stu-
dent’s two-tailed t-test or ANOVA. A P-value
less than 0.05 was considered significant.

RESULTS

T-Cell Cytokines Induce HMSC Into the
Osteoblast Phenotype

We have previously reported that ACTTCM
induced HMSC into the osteoblast phenotype
[Rifas et al., 2003] and that ACTTCM as well as
the synergistic action of four major T-cell cyto-
kines, TNF-a, TGF-b, IFN-g, and IL-17 (TTII),
synergistically induced matrix metalloprotei-
nase-13 in differentiated osteoblasts [Rifas and
Arackal, 2003]. In order to determine whether
these four cytokines were the active factors
in ACTTCM responsible for the induction of
HMSC into the osteoblast phenotype, HMSC
were treated with either ACTTCM or TTII then
analyzed for AlkP activity (Fig. 1). The results
show that the TTII cocktail was as effective as
ACTTCM in inducing AlkP.

Fig. 1. Induction of alkaline phosphatase (AlkP) by TTII and
ACTTCM. Cells were incubated in differentiation medium for
7 days in the absence (control) or presence of the cytokine
cocktail (TTII) or 25% activated T-cell conditioned medium
(ACTTCM). Cell layers were analyzed for AlkP as described in
Materials and Methods. Data represent mean� SEM of triplicate
cultures. *¼P<0.001 versus control. Representative of three
separate HMSC preparations. NS, not significantly different.
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Activated T-Cells Induce BMP-2 in Human
Mesenchymal Stromal Cells

To test the hypothesis that T-cell cytokines
induce HMSC into the osteoblast phenotype by
inducing autologous BMP-2 production, HMSC
were stimulatedwith 25%ACTTCMover a time
course of 0–48 h, then assayed for production of
BMP-2 using a specific ELISA (Fig. 2). BMP-2
was not detectable until 16 h after treatment,
and had a maximum stimulation at 48 h. To
determine whether the cytokine cocktail also
induced BMP-2 in a similar fashion as
ACTTCM, cells were treated for 0–48 h and
the CM assayed for BMP-2 using a specific
ELISA (Fig. 2). TTII induced BMP-2 after 16 h,
and reached a maximum stimulation at 48 h,
exactly as found with ATCCM.

Activated T-Cell Cytokines Synergistically Induce
BMP-2, but not BMP-4,-6, or -7 in HMSC

To determine whether any of the individual
cytokines in the TTII cocktail was responsible
for induction of BMP-2 or whether cooperative
or synergistic action was involved, HMSC, were
treated for 24 h with either medium alone or
recombinant human T-cell cytokines, individu-
ally or in combinations of two, three, or all four
(Fig. 3). Individually, each cytokine alone did
not significantly induce BMP-2 levels above
that found in untreated cultures. When tested

in combinations of two or three cytokines, no
significant induction of BMP-2 was found as
well. However, when all four cytokines (TTII)
were added to cultures of HMSC, a potent
synergistic stimulation of BMP-2 production
was found. No BMP-4, -6, or-7 production was
detected by ELISA (data not shown).

TTII Induces Calcification of HMSC

Further analysis of the ability of TTII to
induce HMSC into the osteoblast phenotype
was performed by incubating the cells in
differentiation medium in the absence or pre-
sence of TTII or 100 nM dexamethasone
(positive control) then staining the cell layers
with alizarin red (Fig. 4A). TTII was found to
potently induce matrix mineralization to the
same extent as dexamethasone. Quantitation of
the alizarin red (Fig. 4B) showed that TTII
induction ofmineralizationwas identical to that
induced by dexamethasone.

Inhibition of p38 MAP Kinase Inhibits T-Cell
Cytokine Induction of BMP-2 and HMSC

Differentiation

To determine whether the p38 MAP kinase
pathway regulated the induction of BMP-2
by the T-cell cytokines, cells were first treated
with the specific inhibitor, SB 203580 (1 mM) for
1 h prior to stimulation with TTII (Fig. 5A).

Fig. 2. T-cell cytokines induce BMP-2 in humanmesenchymal
stromal cells (HMSC). HMSC were treated for 0–48 h as
described in Materials and Methods. The conditioned media
(CM) were assayed for BMP-2 by a specific ELISA. The T-cell
cytokine cocktail TNF-a (120 pg/ml), TGF-b (300 pg/ml), IFN-g
(6 ng/ml), and IL-17 (2 ng/ml) (TTII) inducesBMP-2 in an identical
fashionas 25%ACTTCM.Both curves are significant,P<0.05by
ANOVA. Data represent the mean� SEM of duplicate cultures.
Representative of three separate experiments.

Fig. 3. Effect of T-cell cytokines on BMP-2 induction in HMSC.
HMSC were treated with each T-cell cytokine individually, in
pairs, triplets, or in quadruplicate for 24 h. The CMwere assayed
for BMP-2 by a specific ELISA. *¼P<0.05 by ANOVA and
individual significance determined using Fishers LSD. NS, not
significantly different. Data represent the mean� SEM of two
separate HMSC preparations prepared and assayed in triplicate.
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SB203580 completely inhibited cytokine induc-
tion of BMP-2 production. To further examine
the effect of p38MAP kinase on T-cell cytokines
induction of differentiation of HMSC into the
osteoblast phenotype, cells were treated with
either medium alone, TTII, SB203580 (1 mM) or
a combination of TTII and SB203580 in the
presence of differentiation medium for 21 days.
Cultures were stained for calcium deposition
with alizarin red (Fig. 5B). In cultures treated
with TTII, calcified nodules were formed while
no calcification was noted in either control
cultures or cultures treated with SB203580
alone or in TTII plus SB203580-treated cul-
tures.

p38 MAP Kinase Regulates BMP-2
Gene Expression

Having established that TTII induced BMP-2
and that BMP-2 production was responsible for
HMSC differentiation into the osteoblast phe-
notype, we determined whether TTII induced
BMP-2 gene expression and whether that
induction was regulated by p38 MAP kinase.

Fig. 4. TTII induces mineralization in HMSC. A: HMSC were
incubated in differentiation medium for 21 days in the absence
(control) or presence of either TTII or 100 nM dexamethasone
(DEX) then fixed and stainedwith alizarin red. B: Quantitation of
the alizarin red staining in (A). *P< 0.05 versus control by
ANOVA.Dex versus TTII, not significant. Representative of three
separate experiments. NS, not significantly different. [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Fig. 5. Inhibition of p38 MAP kinase inhibits TTII induction of
BMP-2 and differentiation of HMSC. A: HMSC were incubated
for 24 h in the absence or presence of TTII or TTII in the presence
of the p38 MAP kinase inhibitor SB203580 (1 mM). Media was
then assayed for BMP-2 by a specific ELISA. B: HMSC were
incubated for 21 days in the presence of differentiation medium
in the absence or presence of 1 mM SB203580 or TTII or a
combination of SB203580 and TTII, then the cultures were fixed
and stained with alizarin red to detect calcification.
*¼P< 0.001 versus control or TTIIþ SB203580 using Student’s
t-test. Data represent the mean� SEM of two separate HMSC
preparations prepared and assayed in triplicate. [Color figure can
be viewed in the online issue, which is available at www
.interscience.wiley.com.]
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Two separate HMSC preparations were used to
analyze both TTII induction of BMP-2 mRNA
and the effect of p38 MAP kinase inhibitors.
Cells were stimulated with TTII in the absence
or presence of either TTII or SB203580 (1 mM), a
highly specific inhibitor of p38MAPkinase, over
a time course of 0–24 h and total RNA subjected
to qRT-PCR for BMP-2 (Fig. 6). TTII induced
significant expression of BMP-2 mRNA within
4 h and attained amaximum level at 16 h before
returning to basal levels after 24 h. SB203580
totally inhibited BMP-2 gene expression over
the 4–16 h periods when mRNA was highly
expressed. The p38 MAP kinase inhibitor alone
did not have an effect on basal BMP-2 gene
expression (data not shown).

DISCUSSION

We have previously reported that the condi-
tioned medium from activated T-cells rapidly
induce the differentiation of HMSC into the
osteoblast phenotype [Rifas et al., 2003]. We
have also reported that the synergistic actions
of TNF-a, TGF-b, IFN-g, and IL-17, four of the
many cytokines released by activated T-cells,
induce MMP-13 in human osteoblasts via a p38
MAP kinase-dependent mechanism [Rifas and
Arackal, 2003]. We now report that these same
four T-cell cytokines, acting in a synergistic
action, potently regulates the differentiation
process of HMSC into the osteoblast phenotype

by inducing the autologous differentiation fac-
tor, BMP-2. Of particular interest is that
individually, the levels of cytokines we found
to be secreted by activated T-cells have very
little activity in inducing autologousBMP-2 and
by extension, do not induce HMSC differentia-
tion alone. This is in sharp contrast to other
studies in the rodent system where levels of
individual cytokines have been studied at
concentrations many fold higher than we find
produced by activated human T-cells [Rifas and
Arackal, 2003] and have been reported to be
negative regulators of differentiation [Spinella-
Jaegle et al., 2001; Gilbert et al., 2002]. How-
ever, the fact that these four cytokines act
synergistically to induce BMP-2 in an identical
fashion as that of the crude ACTTCM provides
strong evidence that these four cytokines play a
major role. The importance of these findings
underlies the physiological significance of
inflammation in vivo, that is, that activation of
T-cells results in the induction and secretion
of multiple cytokines and that examination
of individual cytokines at high levels, out of
context, may lead to erroneous conclusions.

The analysis of the role of IFN-g in bone
remodeling has been mainly restricted to its
effect on osteoclast formation and function [Fox
and Chambers, 2000; Kamolmatyakul et al.,
2001; Yang et al., 2002]. Our studies shed a new
light on this cytokinewith respect to its role as a
critical component of cytokine synergism lead-
ing to osteoblast differentiation. Although we
have not directly analyzed its function, IFN-g
has been reported to enhance other cytokine
actions on transcriptional events through in-
duction of interferon regulatory factor-1 (IRF-1)
[Imanishi et al., 2000; Park et al., 2004], again
demonstrating the interaction of multiple, low
levels of cytokines have a pronounced effect.

Wehavenowshown thatBMP-2 can be induc-
ed in HMSC by inflammatory T-cell cytokine
signaling and that BMP-2 gene and protein
expression are regulated by p38 MAP kinase.
Although we have found some variance in the
time frame for maximum BMP-2 production in
different HMSC preparations (24–48 h) this is
not unexpected since we have used primary
cultures derived from six different donors.
Nonetheless, our data strongly demonstrate
the role of inflammatory T-cell cytokines in
inducing the osteoblast phenotype.

Ourdata confirmtheworkof others [Leeetal.,
2002; Noth et al., 2003] who have demonstrated

Fig. 6. Inhibition of p38MAPK inhibits TTII induction ofBMP-2
gene expression. HMSC were incubated in the absence or
presence of TTII or TTII in the presence of SB203580 (SB, 1 mM)
over a time course of 0–24 h. Data represent the mean� SEM
(n¼3). The induction of BMP-2 mRNA and its inhibition were
significant, P< 0.001 by ANOVA. Fisher’s LSD post-hoc test:
*¼P<0.005 versus control and <0.007 versus relative
SB203580 treatment; **¼ P< 0.005 versus 0 h relative
SB203580 treatment; and ***¼ P< 0.001 versus control or
relative SB203580 treatment.
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the role of p38MAPK in theprocess of osteoblast
differentiation via ectopic administration of
BMP-2. However, in those studies, high levels
of recombinant BMP-2 were required to induce
the osteoblast phenotype. Althoughwe have not
examined ectopic administration of recombi-
nant BMP-2, we do find that the production of
low levels of BMP-2 by the cocktail of T-cell
cytokines is equally effective. We cannot ignore
the fact that the amount of BMP-2 measured in
the conditioned medium may represent only a
portion of the BMP-2 produced by the HMSC
and that an unknown amount may have been
sequestered either on the cellular membrane or
within the extra-cellular matrix. Nonetheless,
production of BMP-2 correlates well with the
process of HMSC differentiation.

As in the case of ectopic BMP-2 administra-
tion, we have found that inhibition of the p38
MAP kinase pathway abrogates the effect of the
T-cell cytokine cocktail in inducing the full,
mineralizing, osteoblast phenotype. Thus, our
findings differ in that we have now demon-
strated that T-cell cytokines regulate the induc-
tion of autologous BMP-2 and that the levels
required are several magnitudes lower than
that needed for recombinant BMP-2 to induce
osteoblast differentiation and function [Lee
et al., 2002; Noth et al., 2003]. Of particular
interest is that rodent pre-osteoblasts produce
constitutive BMP-2 resulting in extra-cellular
mineralization in the presence of ascorbic acid
and b-glycerophosphate [Luppen et al., 2003].
In contrast, we have found that HMSC consti-
tutively produce very low levels of BMP-2, but
not in sufficient quantities to induce mesench-
ymal cell differentiation even in the presence
of ascorbic acid and b-glycerophosphate. Full
differentiation only occurs when HMSC are
stimulated by our T-cell cytokine cocktail.

Our datamay have significant relevance with
regard to diseases in which inflammation plays
a role in heterotopic bone formation. One
example is the autoimmune disease complex
spondylarthropathies, which share clinical fea-
tures, such as sacroiliitis, axial immobility, and
peripheral arthropathies [Huang and Schwarz,
2002]. The pathogenesis of SpA is associated
with T-cell recognition of abnormal forms of
the human leukocyte antigen HLA-B27 [Boyle
et al., 2004], implicating T-cells and antigen-
presenting cells in the disease process. Of
particular interest is that inflammation pre-
cedes the onset of SpA, particularly in the axial

skeleton. Furthermore, in SpA, both bone loss
and formation occur simultaneously in inflamed
regions, suggesting that T-cell cytokines regu-
late both osteoclast and osteoblast activity.
Similar to our studies, proinflammatory T-cell
cytokines, such as TNF-a, TGF-b, and IFN-g
appear to play pivotal roles in both formation
and resorption in SpA [Huang and Schwarz,
2002]. Presently, the role of IL-17 in SpA is not
known but may prove to play a pivotal role.
Since both bone formation and bone resorption
are high inSpA, it is not unlikely that IL-17may
synergize with other T-cell cytokines to induce
osteoblast differentiation while also inducing
osteoclastogenesis. In fact, IL-17 acts in a
synergistic fashion with TNF-a to promote
osteoclast formation and bone resorption
[Stamp et al., 2004].

It is becoming increasingly clear that T-cells
play a major role in the pathogenesis of
Rheumatoid arthritis (RA) [Goronzy and
Weyand, 2004]. Interestingly, in RA patients,
serum markers of bone formation (osteocalcin
(OCN) and bone specific AlkP) and urinary
markers of bone resorption (procollagen type I
C-terminal telopeptide, pyridinoline and deox-
ypyridinoline, and hydroxyproline excretion)
are significantly higher than those of control
patients [Goughet al., 1994; Suzuki et al., 1998].
These biochemical data are consistentwithhigh
bone turnover in RA suggesting that the inflam-
matory process induces enhanced osteoclastic
and osteoblastic activity [Gough et al., 1994].
More significantly, reported measurements of
cytokines from synovial fluid of RA patients
include TNF-a (157 pg/ml), IFN-g (17–5,677 pg/
ml) [Steiner et al., 1999; Cao et al., 2004], TGF-b
(110–198.9 pg/ml) [Lettesjo et al., 1998], and IL-
17 (12–5,000 pg/ml) [Kotake et al., 1999;
Ziolkowska et al., 2000], levels similar to those
we have found in 25% ACTTCM [Rifas and
Arackal, 2003; Rifas et al., 2003]. These data
demonstrate that relatively low levels of cyto-
kines, working in combination can have sig-
nificant effects in vivo, and support our
observations in vitro.

BMPs are the most osteogenic cytokine
[Katagiri and Takahashi, 2002] and as such
are good candidates for the effect of inflamma-
tory T-cell cytokine induction of mesenchymal
stromal cell differentiation into the osteoblast
phenotype. In this regard, our data now reve-
al that inflammatory cytokines, secreted by
activated T-cells, work in a synergistic fashion
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to induce autologous, localized BMP-2 in
mesenchymal stromal cells resulting in their
differentiation into the osteoblast phenotype,
and opens up a new area of research to examine
the effect of localized inflammation on bone
formation in chronic inflammatory diseases.

REFERENCES

Boyle LH, Goodall JC, Gaston JS. 2004. The recognition of
abnormal forms of HLA-B27 by CD4þ T-cells. Curr Mol
Med 4:51–58.

Bunger MH, Langdahl BL, Andersen T, Husted L, Lind M,
Eriksen EF, Bunger CE. 2003. Semiquantitative mRNA
measurements of osteoinductive growth factors in
human iliac-crest bone: Expression of LMP splice
variants in human bone. Calcif Tissue Int 73:446–454.

Cao D, van Vollenhoven R, Klareskog L, Trollmo C,
Malmstrom V. 2004. CD25 bright CD4þ regulatory T-cells
are enriched in inflamed joints of patients with chronic
rheumatic disease. Arthritis Res Ther 6:R335–R346.

Cenci S, Weitzmann MN, Roggia C, Namba N, Novack D,
Woodring J, Pacifici R. 2000. Estrogen deficiency induces
bone loss by enhancing T-cell production of TNF-alpha. J
Clin Invest 106:1229–1237.

Cenci S, Toraldo G, WeitzmannMN, Roggia C, Gao Y, Qian
WP, Sierra O, Pacifici R. 2003. Estrogen deficiency
induces bone loss by increasing T-cell proliferation and
lifespan through IFN-{gamma}-induced class II transac-
tivator. Proc Natl Acad Sci USA 100:10405–10410.

Chabaud M, Miossec P. 2001. The combination of tumor
necrosis factor alpha blockade with interleukin-1 and
interleukin-17 blockade is more effective for controlling
synovial inflammation and bone resorption in an ex vivo
model. Arthritis Rheum 44:1293–1303.

Cheng SL, Yang JW, Rifas L, Zhang SF, Avioli LV. 1994.
Differentiation of human bone marrow osteogenic stro-
mal cells in vitro: Induction of the osteoblast phenotype
by dexamethasone. Endocrinology 134:277–286.

Clowes JA, Riggs BL, Khosla S. 2005. The role of the
immune system in the pathophysiology of osteoporosis.
Immunol Rev 208:207–227.

Fox SW, Chambers TJ. 2000. Interferon-gamma directly
inhibits TRANCE-induced osteoclastogenesis. Biochem
Biophys Res Commun 276:868–872.

Gerstenfeld LC, Cho TJ, Kon T, Aizawa T, Cruceta J,
Graves BD, Einhorn TA. 2001. Impaired intramembra-
nous bone formation during bone repair in the absence of
tumor necrosis factor-alpha signaling. Cells Tissues
Organs 169:285–294.

Gilbert L, He X, Farmer P, Rubin J, Drissi H, van Wijnen
AJ, Lian JB, Stein GS, Nanes MS. 2002. Expression of
the osteoblast differentiation factor RUNX2 (Cbfa1/
AML3/Pebp2alpha A) is inhibited by tumor necrosis
factor-alpha. J Biol Chem 277:2695–2701.

Goronzy JJ, Weyand CM. 2004. T-cell regulation in
rheumatoid arthritis. Curr Opin Rheumatol 16:212–
217.

Gough AK, Peel NF, Eastell R, Holder RL, Lilley J, Emery
P. 1994. Excretion of pyridinium crosslinks correlates
with disease activity and appendicular bone loss in early
rheumatoid arthritis. Ann Rheum Dis 53:14–17.

Guicheux J, Lemonnier J, Ghayor C, Suzuki A, Palmer G,
Caverzasio J. 2003. Activation of p38 mitogen-activated
protein kinase and c-Jun-NH2-terminal kinase by BMP-
2 and their implication in the stimulation of osteoblastic
cell differentiation. J Bone Miner Res 18:2060–2068.

Huang W, Schwarz EM. 2002. Mechanisms of bone
resorption and new bone formation in spondyloarthro-
pathies. Curr Rheumatol Rep 4:513–517.

Imanishi D, Yamamoto K, Tsushima H, Miyazaki Y,
Kuriyama K, Tomonaga M, Matsuyama T. 2000. Identifi-
cation of a novel cytokine response element in the human
IFN regulatory factor-1 gene promoter. J Immunol 165:
3907–3916.

Kamolmatyakul S, Chen W, Li YP. 2001. Interferon-
gamma downregulates gene expression of cathepsin K
in osteoclasts and inhibits osteoclast formation. J Dent
Res 80:351–355.

Katagiri T, Takahashi N. 2002. Regulatory mechanisms of
osteoblast and osteoclast differentiation. Oral Dis 8:147–
159.

Kon T, Cho TJ, Aizawa T, Yamazaki M, Nooh N, Graves D,
Gerstenfeld LC, Einhorn TA. 2001. Expression of
osteoprotegerin, receptor activator of NF-kappaB ligand
(osteoprotegerin ligand) and related proinflammatory
cytokines during fracture healing. J Bone Miner Res 16:
1004–1014.

Kotake S, Udagawa N, Takahashi N, Matsuzaki K, Itoh K,
Ishiyama S, Saito S, Inoue K, Kamatani N, Gillespie MT,
Martin TJ, Suda T. 1999. IL-17 in synovial fluids from
patients with rheumatoid arthritis is a potent stimulator
of osteoclastogenesis. J Clin Invest 103:1345–1352.

Lee KS, Hong SH, Bae SC. 2002. Both the Smad and p38
MAPK pathways play a crucial role in Runx2 expression
following induction by transforming growth factor-beta
and bone morphogenetic protein. Oncogene 21:7156–
7163.

Lettesjo H, Nordstrom E, Strom H, Nilsson B, Glingham-
mar B, Dahlstedt L, Moller E. 1998. Synovial fluid
cytokines in patients with rheumatoid arthritis or other
arthritic lesions. Scand J Immunol 48:286–292.

Luppen CA, Smith E, Spevak L, Boskey AL, Frenkel B.
2003. Bone morphogenetic protein-2 restores mineraliza-
tion in glucocorticoid-inhibited MC3T3-E1 osteoblast
cultures. J Bone Miner Res 18:1186–1197.

Miossec P. 2000. Are T-cells in rheumatoid synovium
aggressors or bystanders? Curr Opin Rheumatol 12:
181–185.

Miossec P. 2004. An update on the cytokine network in
rheumatoid arthritis. Curr Opin Rheumatol 16:218–222.

Noth U, Tuli R, Seghatoleslami R, Howard M, Shah A, Hall
DJ, Hickok NJ, Tuan RS. 2003. Activation of p38 and
Smads mediates BMP-2 effects on human trabecular
bone-derived osteoblasts. Exp Cell Res 291:201–211.

Park SY, Seol JW, Lee YJ, Cho JH, Kang HS, Kim IS, Park
SH, Kim TH, Yim JH, KimM, Billiar TR, Seol DW. 2004.
IFN-gamma enhances TRAIL-induced apoptosis through
IRF-1. Eur J Biochem 271:4222–4228.

Prabhakar U, James IE, Dodds RA, Lee-Rykaczewski E,
Rieman DJ, Lipshutz D, Trulli S, Jonak Z, Tan KB,
Drake FH, Gowen M. 1998. A novel human bone marrow
stroma-derived cell line TF274 is highly osteogenic
in vitro and in vivo. Calcif Tissue Int 63:214–220.

Rifas L, Arackal S. 2003. T-cells regulate the expression of
matrix metalloproteinase in human osteoblasts via a

T-Cells and Mesenchymal Cell Differentiation 713



dual mitogen-activated protein kinase mechanism.
Arthritis Rheum 48:993–1001.

Rifas L, Kenney JS, Marcelli M, Pacifici R, Cheng SL,
Dawson LL, Avioli LV. 1995. Production of interleukin-6
in human osteoblasts and human bone marrow stromal
cells: Evidence that induction by interleukin-1 and tumor
necrosis factor-alpha is not regulated by ovarian steroids.
Endocrinology 136:4056–4067.

Rifas L, Arackal S, Weitzmann MN. 2003. Inflammatory
T-cells rapidly induce differentiation of human bone
marrow stromal cells into mature osteoblasts. J Cell
Biochem 88:650–659.

Spinella-Jaegle S, Roman-Roman S, Faucheu C, Dunn FW,
Kawai S, Gallea S, Stiot V, Blanchet AM, Courtois B,
Baron R, Rawadi G. 2001. Opposite effects of bone mor-
phogenetic protein-2 and transforming growth factor-
beta1 on osteoblast differentiation. Bone 29:323–330.

Stamp LK, James MJ, Cleland LG. 2004. Interleukin-17:
The missing link between T-cell accumulation and
effector cell actions in rheumatoid arthritis? Immunol
Cell Biol 82:1–9.

Stanford CM, Jacobson PA, Eanes ED, Lembke LA, Midura
RJ. 1995. Rapidly forming apatitic mineral in an osteo-
blastic cell line (UMR 106-01 BSP). J Biol Chem 270:
9420–9428.

Steiner G, Tohidast-Akrad M, Witzmann G, Vesely M,
Studnicka-Benke A, Gal A, Kunaver M, Zenz P, Smolen
JS. 1999. Cytokine production by synovial T-cells in
rheumatoid arthritis. Rheumatology (Oxford) 38:202–213.

Suzuki M, Takahashi M, Miyamoto S, Hoshino H,
Kushida K, Miura M, Inoue T. 1998. The effects of
menopausal status and disease activity on biochemi-
cal markers of bone metabolism in female patients
with rheumatoid arthritis. Br J Rheumatol 37:653–
658.

van Bezooijen RL, Farih-Sips HC, Papapoulos SE, Lowik
CW. 1999. Interleukin-17: A new bone acting cytokine
in vitro. J Bone Miner Res 14:1513–1521.

Weitzmann MN, Cenci S, Rifas L, Haug J, Dipersio J,
Pacifici R. 2001a. T-cell activation induces human
osteoclast formation via receptor activator of nuclear
factor kappaB ligand-dependent and -independent
mechanisms. J Bone Miner Res 16:328–337.

Weitzmann MN, Cenci S, Rifas L, Haug J, Dipersio J,
Pacifici R. 2001b. T-cell activation induces human
osteoclast formation via receptor activator of nuclear
factor kappaB ligand-dependent and -independent
mechanisms. J Bone Miner Res 16:328–337.

Yang S, Madyastha P, Ries W, Key LL. 2002. Character-
ization of interferon gamma receptors on osteoclasts:
Effect of interferon gamma on osteoclastic superoxide
generation. J Cell Biochem 84:645–654.

Ziolkowska M, Koc A, Luszczykiewicz G, Ksiezopolska-
Pietrzak K, Klimczak E, Chwalinska-Sadowska H,
Maslinski W. 2000. High levels of IL-17 in rheumatoid
arthritis patients: IL-15 triggers in vitro IL-17 produc-
tion via cyclosporin A-sensitive mechanism. J Immunol
164:2832–2838.

714 Rifas


