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Abstract

Stem cell-based regenerative medicine is a promising approach for tissue reconstruction. Here, we
showed that pro-inflammatory T cells in the recipients inhibited bone marrow mesenchymal stem
cell (BMMSC)-mediated bone formation via T helper 1 (Th1) cytokine interferon (IFN)-y induced
down-regulation of runt-related transcription factor 2 (Runx-2) pathway and tumor necrosis factor
(TNF)-a-regulated BMMSC apoptosis. TNF-a converted IFN-y-activated non-apoptotic Fas to a
caspase 3/8-associated apoptotic signaling in BMMSCs through inhibition of nuclear factor kappa
B (NFxB), resulting in BMMSC apoptosis. Conversely, reduction of IFN-y and TNF-a levels by
systemic infusion of Foxp3* regulatory T cells (Tregs) markedly improved BMMSC-based bone
regeneration and calvarial defect repair in C57BL6 mice. Furthermore, we showed that local
administration of aspirin reduced levels of IFN-y and TNF-a at the implantation site and
significantly improved BMMSC-based calvarial defect repair. These data collectively uncover a
previously unrecognized role of recipient T cells in BMMSC-based tissue engineering.
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Bone marrow mesenchymal stem cells (BMMSCs) are non-hematopoietic multipotent stem
cells capable of differentiating into both mesenchymal and non-mesenchymal cell types,
including osteoblasts, adipocytes, and chondrocytes!—. To date, a variety of preclinical and
clinical studies have shown that BMMSCs can generate bone and bone-associated tissues to
replace damaged and diseased tissues, of which recipient cellular components may actively
participate in the regeneration process®-9. However, the detailed function of recipient cells
especially immune cells in BMMSC-based tissue regeneration remains unclear °.

Previous studies demonstrated that BMMSCs reduce inflammatory cytokines via
interplaying with several subsets of immune cells!0. The immunoregulatory capacity of
BMMSCs makes them of great interest for clinical applications in treating a variety of
human diseases such as acute graft-versus-host-disease, systemic lupus erythematosus, and
ameliorating hematopoietic stem cell engraftment!1-13, Conversely, interleukin-2 (IL-2)
activated NK cells and CD3/CD28-activated T cells can induce BMMSC apoptosis via the
Fas/Fas-L pathwayl#415. Thus, the crosstalk between implanted donor BMMSCs and
recipient immune cells may play an important role in BMMSC-mediated tissue regeneration.
We show in this study that recipient immune cells, specifically T cells, govern BMMSC-
based tissue regeneration.

Recipient T cells modulated BMMSC-mediated bone regeneration

Using an established in vivo BMMSC implantation system, in which 4x106 BMMSCs with
carrier hydroxyapatite tricalcium phosphate (HA/TCP) particles were subcutaneously
implanted into C57BL6 or nude mice (Fig. 1a), we showed that autologous BMMSCs failed
to regenerate bone in C57BL6 mice (Supplementary Fig. 1). In contrast, when BMMSCs
were implanted into T cell-deficient nude mice, they formed bone and associated
hematopoietic marrows (Fig. 1b). To examine whether recipient T cells affected BMMSC-
mediated bone formation, we infused 1 x 10° pan-T cells into nude mice 2 days prior to
subcutaneous BMMSC implantation and found that BMMSC-mediated bone formation was
completely blocked (Fig. 1b). These data indicate that recipient T cells may play a crucial
role in inhibiting BMMSC-mediated bone formation.

Next, we examined if specific subsets of T cells blocked BMMSC-based bone regeneration.
We revealed that intravenous infusion of 1 x 108 CD8" T cells partially blocked BMMSC-
mediated bone formation, and CD4* or CD4*CD25" T cell-infusion totally blocked
BMMSC-mediated bone formation in nude mice (Fig. 1b,c). However, administration of
CD4*CD25*Foxp3* cells (Tregs) showed no inhibitive effect on BMMSC-mediated bone
formation but improved bone marrow element formation (Fig. 1b,c). After systemic infusion
of CD4* T cells to nude mice, we detected a transient elevation of CD4* T cell level in bone
marrow, peripheral blood, and spleen within 7 days post infusion (Supplementary Fig. 2a—c)
and infused CD4* T cells at areas around BMMSC implants (Supplementary Fig. 2d).
Furthermore, we revealed that BMMSC-mediated bone formation started at 14 days post
implantation and substantial amount of bones were formed at 21 days post implantation
(Supplementary Fig. 3).
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To explore mechanisms of T cell-regulated BMMSC-based bone formation, we assessed the
levels of a variety of cytokines, including IFN-y, TNF-a, IL-4, IL-6, and IL-17A in the
BMMSC implants (Fig. 1d). Interestingly, the levels of IFN-y and TNF-a in BMMSC
implants were significantly elevated at 7-14 days after BMMSC implantation in C57BL6
mice and nude mice receiving pan-T cell or CD4*CD25~ T cells (Fig. 1d). The high levels
of IFN-y and TNF-a were correlated with lack of new bone formation (Fig. 1b,c).
Conversely, the levels of above mentioned cytokines were not altered in the BMMSC
implants derived from nude and Treg-infused nude mice (Fig. 1d); these implants showed
substantial amount of new bone formation (Fig. 1b,c). Thus, the increase in IFN-y and TNF-
a is negatively correlated with BMMSC-mediated bone formation.

To further assess the role of cytokines in BMMSC-mediated bone formation, 200 ng of IFN-
v, TNF-a, IL-4, IL-6, or IL-17A was co-implanted with BMMSCs into nude mice
subcutaneously (Fig. 1e,f). Treatment with IFN-y or TNF-a significantly reduced BMMSC-
mediated bone in nude mice (Fig. 1e,f). Meanwhile, IL-4 or IL-6 treatment slightly inhibited
BMMSC-mediated bone formation (Fig. 1e,f), and IL-17A treatment had no inhibitory
effect on BMMSC-mediated bone formation when compared to the untreated group (Fig.
1e,f). Neutrophils presented at BMMSC implants at 2 to 7 days post implantation and
became almost undetectable after 14 days implantation in C56BL6 mice (Supplementary
Fig. 4a). At areas around BMMSC implant, CD4* T cells produced IFN-y and TNF-a,
CD11b* macrophages only produced TNF-a (Supplementary Fig. 4b). In contrast, injection
of IFN-y neutralizing antibody at 150 and 300 ng and TNF-a neutralizing antibody at 300 ng
partially rescued BMMSC-mediated bone formation in C57BL6 mice (Fig. 1g,h). Injection
of combination of IFN-y and TNF-a neutralizing antibodies at 300 ng could significantly
improve BMMSC-mediated bone formation (Fig. 1g,h). These data confirm that both IFN-y
and TNF-a played critical roles in governing BMMSC-based bone formation.

CD4*CD25*Foxp3* Tregs have been reported to inhibit T cell activation and reduce IFN-y
and TNF-a production6-19, Thus, we infused 1 x 106 Tregs into C57BL6 mice either 2 or 7
days prior to the BMMSC implantation and found substantial amount of bone formation in
group of Treg-infused at 2 days prior BMMSC implantation as compared to untreated
BMMSC implants (Fig. 2a,b). Treg infusion at 7 days prior BMMSC implantation failed to
improve bone formation in BMMSC implants (Fig. 2a,b). To examine the protective role of
Tregs in BMMSC-based bone formation, we measured the cytokine levels in the Treg-
treated C57BL6 mice. We observed that Tregs infusion reduced the levels of IFN-y and
TNF-a, but not the levels of IL-4 and IL-10 (Fig. 2¢) in BMMSC implants. Subcutaneous
implantation of BMMSCs failed to affect the level of Tregs in spleen (Fig. 2d). Systemic
infusion of Tregs and BMMSCs elevated levels of Tregs in spleen, which reduced to control
level at 14 days post infusion (Fig. 2e,f). Infusion of 1 x 106 and 2 x 10° Tregs showed more
significant elevation of Tregs in spleen than 0.1 x 10°% and 0.5 x 108 Treg groups (Fig. 2g).
Accordingly, infusion of 1 x 10% and 2 x 106 Tregs, but not 0.1 x 10% and 0.5 x 108 groups,
were able to improve BMMSC-mediated bone formation in C57BL6 mice (Fig. 2h,i). These
data collectively suggest that inhibition of IFN-y and TNF-a improves BMMSC-based bone
regeneration.
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IFN-y inhibited osteogenesis of BMMSCs

When Ifn-y/~ T cells were infused into nude mice, they failed to block BMMSC-mediated
bone formation (Supplementary Fig. 5a—c). Further analysis showed that in vitro IFN-y (200
ng mI~1), but not IL-6 or IL-17A, treatment inhibited osteogenic differentiation of BMMSCs
compared to untreated groups (Fig. 3a). IL-4 treatment (200 ng ml~1) served as a control
showing the inhibition of BMMSC osteogenic differentiation in vitro?0 (Fig. 3a).
Interestingly, 50 ng mI~1 IFN-y treatment had no inhibitory effect on osteogenic
differentiation of BMMSCs (Fig. 3b). The dose-dependent osteogenic inhibition by IFN-y
was associated with up-regulated expression of Smad 6, a negative regulator of osteogenic
differentiation, and down-regulated expression of the osteogenic genes runt-related
transcription factor 2 (Runx2), osteocalcin (OCN), and alkaline phosphatase (ALP) in 200
ng miI~1 IFN-y group, which were not observed in 50 ng mI~ IFN-y group (Fig. 3c).
Furthermore, we revealed that IFN-y treatment failed to suppress osteogenic differentiation
and alter expression levels of Smad 6 and Runx2 in Fas”~ BMMSCs (Fig. 3d) and Fas
knockdown BMMSCs by siRNA (Fig. 3e).

IFN-y synergistically enhanced TNF-a-induced BMMSC apoptosis

When BMMSCs were cultured with IFN-y, TNF-q, IL-4, IL-6, IL-17A, and TGF-B, only
TNF-a induced a significant cell death in a dose-dependent manner (Fig. 4a). To determine
the effect of IFN-y on TNF-a-treated BMMSCs, we added 50 ng mI~1 IFN-y to BMMSCs
that were treated with different doses of TNF-a, (1-200 ng mI~1; Fig. 4b). IFN-y treatment
significantly enhanced BMMSC apoptosis when the TNF-a concentration reached 50-200
ng mi~1 (Fig. 4b; Supplementary Fig. 5d,e). To further confirm the synergistic effects of
TNF-a and IFN-y on the induction of BMMSC apoptosis, we added 50 ng mI~2 TNF-a to
BMMSCs that were treated with 1-200 ng mI~1 IFN-y (Fig. 4c). The amount of BMMSC
apoptosis was correlated with IFN-y concentration from 1-50 ng mI~1. When IFN-y
concentration reached 100-200 ng mI~1, a complete BMMSC apoptosis was observed (Fig.
4c). In addition, we used immunocytostaining with annexin V to confirm that 50 ng mI~1
IFN-y enhanced 20 ng mI~1 TNF-a-mediated BMMSC apoptosis (Fig. 4d). Next, we
verified the IFN-y synergic effect on TNF-a-induced BMMSC apoptosis using an in vivo
subcutaneous GFP* BMMSC implantation model?1-22, Thirty days after implantation, GFP*
BMMSCs that were pre-treated with 50 ng mI~1 TNF-a showed a significant reduction in
the numbers of surviving cells than those from untreated group (Fig. 4e). Combination
treatment with 200 ng mI~2 IFN-y and 50 ng mI~ TNF- led to no survival of GFP*
BMMSCs in the implants (Fig. 4e). These data indicate that IFN-v is capable of
synergistically enhancing TNF-a-induced BMMSC apoptosis.

We next found that IFN-vy treatment up-regulated Fas expression in BMMSCs without
activating caspase 3 and caspase 8 (Fig. 4f, Supplementary Fig. 5f). With the addition of 20
ng mI~1 TNF-a, a concentration unable to induce marked BMMSC apoptosis, to 50 ng mi~1
IFN-y-treated BMMSCs, caspase 3 and caspase 8 were activated (Fig. 4f, Supplementary
Fig. 6a) along with significant BMMSC apoptosis (Fig. 4h). However, combination of 20 ng
ml~1 TNF-a and 50 ng mI~1 IFN-y treatment failed to activate caspase 3 and caspase 8 in
Fas™~ BMMSCs (Fig. 4f). Furthermore, we used siRNA to knockdown Fas expression in
BMMSCs and showed that activated caspase 8 and caspase 3 were partially blocked in IFN-
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vITNF-a treated BMMSCs (Fig. 4g) with a significant reduction in the number of apoptotic
BMMSCs (Fig. 4h). These data suggest that Fas signaling is required for the IFN-y
synergistic effect on TNF-a-induced BMMSC apoptosis.

Next question we asked is how Fas apoptotic signaling was activated in IFN-y/TNF-a-
treated BMMSCs. We revealed that knockdown Fas-L level using siRNA in IFN-y/TNF-a-
treated BMMSCs was not able to reduced number of apoptotic cells (Supplementary Fig.
6b), excluding Fas-L as a potential factor contributing to BMMSC apoptosis. We showed
that combined treatment of IFN-y and TNF-a induced Fas internalization and clustering. In
untreated control group, Fas was evenly distributed on BMMSC surface (Fig. 5a). BMMSCs
were treated with IFN-y for 12 hours and then TNF-a was added, Fas showed marked
clustering and internalization in cytoplasm at 0.5-1 hour (Fig. 5a). Significant Fas clustering
in combination with cell shrinkage and cell membrane disruption was observed at 2—4 hours
following TNF-a treatment (Fig. 5a). Blockage of Fas internalization by endocytosis
inhibitor Latrunadin A (LntA) partially rescued IFN-y/TNF-a-induced BMMSC apoptosis
with inhibition of cleaved caspase 3 and 8 (Fig. 5b). Interestingly, with blocking caspase 8
or caspase 3 activities using their specific inhibitors, IFN-y/TNF-a-treated BMMSCs
exhibited significant reduction in the number of apoptotic cells (Fig. 5¢). Moreover,
inhibition of pan caspase, caspase 3, and caspase 8 was able to partially block Fas
internalization (Fig. 5d). These data suggest that Fas internalization and clustering contribute
to synergistic BMMSC apoptosis via activation of caspase 8/3 in the presence of IFN-y and
TNF-a.

We next investigated how combination of IFN-y and TNF-a resulted in Fas internalization
and clustering in BMMSCs. First, we showed that IFN-y/TNF-a treatment could not induce
up-regulation of TNFR1, TRAIL, and Fas L proteins (Supplementary Fig. 6¢). Then we
found that IFN-y/TNF-a treatment reduced levels of TNFR2 and its downstream signaling
phosphorylated NF-xB, XIAP, and FLIP (Fig. 5e), suggesting that combination of IFN-y
and TNF-a treatment selectively inhibited TNFR2-mediated anti-apoptotic effect. To
confirm this hypothesis, we showed that reduction of TNFR2, IKK, XIAP, and FLIP by
siRNA further activated caspase 8 and 3 (Fig. 5f). The efficiency of TNFR2, IKK, XIAP,
and FLIP knockdown by their specific siRNAs was confirmed by Western blot analysis
(Supplementary Fig. 6d).

These findings collectively revealed that IFN-y treatment activated Fas expression levels in
BMMSCs and initiated a non-apoptotic pathway, in which osteogenesis was inhibited by
activation of Smad 6 (Supplementary Fig. 7a). Treatment of BMMSCs with IFN-y and TNF-
a together, however, was able to convert the non-apoptotic Fas signaling to a death pathway
(Supplementary Fig. 7b).

Treg treatment improved BMMSC-based repair of calvarial defects

Since infusion of Tregs inhibited levels of TNF-a and IFN-y (Fig. 2c), we hypothesized that
Treg treatment improves cell-based tissue engineering. To test this hypothesis, we generated
critical-sized calvarial bone defects (7 x 8 mm; Fig. 6a,b). Very small amounts of bone
formation were observed in the untreated group at 12 weeks after surgery (Fig. 6b).
Implantation of BMMSC/gelfoam at calvarial defect site showed moderate bone
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regeneration, but failed to completely repair the defects (Fig. 6¢). However, infusion of
Tregs into the recipients 2 days prior to BMMSC/gelfoam implantation resulted in complete
repair of the defects (Fig. 6d). Semi-quantitative analysis showed the amount of calvarial
bone regeneration in each group (Fig. 6e). The regenerated bone structure in BMMSC+Treg
group was identical to the control with a completely suture regeneration (Fig. 6a,d). These
data imply that Treg treatment improves BMMSC-mediated calvarial defect repair.

Site-specific aspirin treatment improved BMMSC-based repair of calvarial defects

Next, we investigated whether site-specific pharmacological treatments would improve
BMMSC-based calvarial defect repair. Since aspirin has been reported to inhibit the function
of TNF-a and IFN-y23, we examined the effect of aspirin treatment on IFN-y and TNF-a
levels in BMMSC implants at 2—-14 days after implantation. We showed that aspirin
treatment reduced the levels of IFN-y and TNF-a without affecting 1L-10 level
(Supplementary Fig. 8). When added to BMMSC/activated T cell co-culture system, aspirin
at 25, 50, and 100 pg mI~1 was able to significantly reduce levels of IFN-y and TNF-a
(Supplementary Fig. 9). Immunohistochemical analysis confirmed the inhibitory effect of
aspirin evidenced by the reduction in the number of IFN-y and TNF-a positive cells in
BMMSC implants (Fig. 6f). To determine if aspirin-mediated reduction of IFN-y or TNF-a
in BMMSC implants influenced the apoptosis of BMMSCs, we utilized a GFP* BMMSC
implantation model which revealed a significant increase in survival of BMMSCs in aspirin-
treated group during 4-30 days post implantation (Supplementary Fig. 10a).

Next, we studied the effect of aspirin on inhibition of exogenous IFN-y and TNF-a on
BMMSC-mediated bone formation. We treated BMMSCs with 50 pug ml~1 aspirin for 2 days
followed by subcutaneous implantation into nude mice using HA/TCP as a carrier. The
aspirin pre-treatment increased BMMSC-mediated bone formation compared to the
untreated group (Supplementary Fig. 10b,c). We then implanted BMMSC with IFN-vy or
TNF-a (200 ng) and observed a significantly reduced bone formation (Fig. le,f;
Supplementary Fig. 10d,e). However, addition of aspirin (100 pug) to BMMSC implants
restored bone formation that was suppressed by IFN-y or TNF-a (Supplementary Fig. 10f-
h). Moreover, we showed that implantation of BMMSC/hydrogel/aspirin (25-200 pg), along
with BMMSC/gelfoam/aspirin (100 pg), (Supplementary Fig. 11) resulted in a dose
dependent improvement of bone regeneration in calvarial defect area compared to the
control BMMSC group (Fig. 6g,h). The structures of regenerated tissues were analogous to
normal calvarial tissues with a completely suture regeneration at 100 and 200 pug groups

(Fig. 6g,h).

DISCUSSION

The clinical use of culture-expanded osteoprogenitor cells in conjunction with scaffolds has
been reported for tissue engineering?4-26, However, the main challenge of cell-based tissue
regeneration is to form large quantities and high-quality tissue structures that match the
body’s functional needs2’-28, In this study, we developed a practical approach to improve
BMMSC-based tissue engineering through suppression of IFN-y and TNF-a by a site-
specific aspirin treatment.
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In addition to IFN-y and TNF-a induced BMMSC apoptosis, other immune cell-based
regulatory mechanisms may also contribute to the cell apoptosis in BMMSC implants. CD3-
activated T lymphocytes are capable of inducing BMMSC apoptosis in a direct cell co-
culture system through Fas/Fas ligand pathway529, Also, T cells can induce BMMSC/
osteoblast apoptosis via CD40/CD40L pathway as observed in some bone-related disease
models39-33, Further studies are required to elucidate whether donor BMMSC apoptosis
attributes to Fas/Fas ligand and CD40/CD40L pathways.

It is unknown how IFN-y elevates Fas expression level in BMMSCs, and other cells such as
osteosarcoma cell lines34. Interestingly, IFN-y-induced Fas expression associated with IFN-
v-mediated blockage of osteogenic differentiation of BMMSCs by activating Smad-6
pathway. It was known that Smad-6 inhibits osteogenic differentiation via BMP and runx2
signaling3®36, However, a relatively high concentration of IFN-y was required to inhibit the
osteogenesis of BMMSCs. Therefore, the inhibitory function of IFN-y in BMMSC-mediated
bone formation was likely due to the synergistic effect with TNF-a, which resulted in
enhanced BMMSC apoptosis by activation of Fas signaling-mediated death pathway. In this
regard, IFN-y treatment alone can up-regulate Fas expression, but fails to induce BMMSC
apoptosis, which might be attributed to the anti-apoptotic function of TNFR2-associated
NFxB, XIAP, and FLIP in this cascade3’-38, With the addition of TNF-a treatment,
however, IFN-y-induced non-apoptotic Fas signaling was converted to an apoptotic cascade
due to the reduction of anti-apoptotic factors NFxB, XIAP, and FLIP as evidenced by Fas
internalization and activation of death mediators caspase 3 and 8.

Aspirin is a widely used nonsteroidal anti-inflammatory agent (NSAID). It inhibits
osteoclastogenesis, and improves osteogenesis by affecting multiple biological pathways,
such as inhibition of COX2, COX1, and PGE2 activity1°23:39, Epidemiological study
suggests that aspirin may have a moderate beneficial effect on bone mineral density in
postmenopausal woman?®. In animal model study, aspirin treatment improves bone
formation and inhibits bone resorption in OV X-induced osteoporotic mice, which may
associate with aspirin-induced up-regulation of telomerase in BMMSCs540. In this study,
we showed that aspirin suppressed the levels of TNF-a and IFN-y and reversed the
proinflammatory cytokine-induced osteogenic deficiency of BMMSCs. We further used
subcutaneous implantation and a calvarial bone defect repair model to show that aspirin
treatment is an appropriate approach for improving BMMSC-based tissue regeneration by
suppression of IFN-y and TNF-a. Although aspirin reduces TNF-a and IFN-y production
with improving BMMSC-based tissue regeneration, the therapeutic effect of aspirin in pre-
clinical test and clinical trial such as improving fracture healing may be the focus of future
studies.

METHODS

Animals

Female C3H/HeJ, C57BL6J, B6.129S7-I1fngtMT9), C57BL/6-Tg(CAG-EGFP)10sb/J,
B6.MRL-FagP"/J mice were purchased from Jackson Lab. Female immunocompromised
nude mice (Beige nude/nude XIDIII) were purchased from Harlan. All animal experiments
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were performed under the institutionally approved protocols for the use of animal research
(University of Southern California protocols #10874 and 10941).

BMMSC-mediated bone formation

Approximately 4.0 x 108 BMMSCs were mixed with hydroxyapatite/tricalcium phosphate
(HA/TCP) ceramic particles (40 mg, Zimmer Inc.) as a carrier and subcutaneously
implanted into the dorsal surface of 8-10 weeks old nude mice or C57BL6J mice. At eight
weeks post-implantation, the implants were harvested. Hematoxylin and eosin staining of
histological section was analyzed by NIH Image J.

Cytokines in BMMSC-mediated bone formation

BMMSCs were mixed with HA/TCP ceramic powders, and Extracel-HP™ hydrogel
(Glycosan Biosysterms) containing 200 ng IFN-y, TNF-a, IL-4, IL-6 or IL-17A were
covered on the surface of the implants for slow release of the cytokines. At eight weeks
post—implantation, the implants were harvested and newly formed mineralized tissue areas
were analyzed. The cytokine levels in the implants were measured by ELISA kit.

Cell apoptosis and cell survival assay

0.5 x 105 BMMSCs were seeded to 6-well culture plates and co-cultured with different
doses of recombined IL-4, IL-6, IL-17A, TGF-1, TNF-a and IFN-y (0, 10, 20, 50, 100, 200
ng mI~1) for 3 days. To measure cell viability, total cells were analyzed by using a cell
counting kit-8 (Dojindo Molecular Technoloies). The culture plates were stained with 2%
toluidine blue O and 2% paraformaldehyde. For cell apoptosis analysis, BMMSCs were
stained by Annexin V-PE apoptosis detection kit | (BD Bioscience), and analyzed by
FACSCalibur (BD Bioscience).

IFN-y and TNF-a synergism for apoptosis
1 x 10* BMMSCs were seeded to 2-chamber slides, IFN-y (50 ng mI~1) and TNF-a (20 ng

ml~1) were used to treat the BMMSCs for 24 hours either separately or combined. Annexin
V/-PE apoptosis detection kit | and cell counting kit were used for analysis.

Cell survival assay in vivo

4 x 108 BMMSCs isolated from C57BL/6-Tg (CAG-EGFP)10sb/J mice were combined
with different concentrations of IFN-y and TNF-a (0, 20, 50, 100, 200 ng mI~1) and
subcutaneously transplanted into nude mice, hydrogel was used as a slowly released carrier.
Thirty days after translation, the implants were harvested. The cells in implants were
cultured for 10 days, and GFP positive cell numbers were counted under fluorescent
microscopy.

CD4*CD25*Foxp3* Tregs induction

To induce CD4*CD25*Foxp3* Tregs in vitro, CD4*CD25~ T lymphocytes were collected
by CD4*CD25* regulatory T Cell Isolation Kit (Miltenyi Biotec), and 1 x 108 CD4*CD25~
T lymphocytes in each well were cultured with 1 ug ml~1 plate-bounded antibody to CD3k,
2 ug mi~1 soluble antibody to CD28, recombinant mouse TGF-B1 (2 pg mi~1) (R&D
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Systems) and recombinant mouse 1L2 (2 ug mI~1) (R&D Systems) for 3 days. Then,
CD4*CD25* T lymphocytes were isolated using CD4*CD25" regulatory T Cell Isolation
Kit.

Fas internalization

BMMSCs were seeded to 2-well chamber slides. IFN-y (50 ng mI~1) was added to pre-treat
BMMSCs for 24 hours, and then TNF-a (20 ng mI~1) was added. At 0.5, 1, 2, 4 hours after
TNF-a was added, the cells fixed with 4% PFA for 15 min. After treated by Triton-X for 15
min, the cells were incubated with 1 pg mI~1 Fas specific antibody (Santa Cruz) at room
temperature for 2 hours, treated with Rhodamin-conjugated secondary antibodies (1:200,
Jackson ImmunoResearch). Then the cells were incubated with a-actin (1:40, Invitrogen) at
room temperature for 20 min and mounted.

Implantation of BMMSCs to calvarial bone defects in C57BL6J mice

Statistics

7 x 8 mm oversize bone defects were established on calvarial bones of C57BL6J mice. 4 x
108 BMMSCs were treated with different dose of aspirin (25, 50, 100, 200 ug mI=1) for 3
days and mixed with 200 ul hydrogel. The hydrogel/BMMSCs with aspirin (25, 50, 100, 200
ug in each implant) were transplanted to newly generated calvarial bone defects
(Supplementary Fig. 11). 2 x 105 BMMSCs were seeded to gelfoam (7 x 8 mm, Pharmaca)
and cultured for 3 days in vitro with different dose of aspirin (25, 50, 100, 200 ug mI~1). The
gelfoam/BMMSCs containing aspirin (25, 50, 100, 200 pg in each implant) were used to
cover previous implanted BMMSC/hydrogel complex in the calvarial bone defect area
(Supplementary Fig. 11). No aspirin was added in control group. The calvarial bone defects
were completely covered with skin and sutured.

SPSS 13.0 was used to do statistical analysis. Significance was assessed by independent
two-tailed Student’s t-test or analysis of variance (ANOVA). The P values less than 0.05
were considered significant.

Additional methods

Detailed methodology is described in the Supplementary Methods online.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. T cells regulated BMMSC-mediated bone formation
(a) Scheme of assessing BMMSC-based tissue regeneration. (b) Subcutaneous implantation

of mouse BMMSCs in nude mice formed substantial amount of bone (B), bone marrow
(BM), and connective tissue (CT) around hydroxyapaptite/tricalcium phosphate (HA/TCP,
HA) at 8 weeks post implantation (Control). Infusion of Pan T cells (Pan T), CD4* T cells
(CD4%), and CD4*CD25™ T cells (CD4*CD25") blocked BMMSC-mediated bone formation
in nude mice. H&E staining showed connective tissue (CT) surround HA/TCP (HA) in the
BMMSC implants. Infusion of CD8" T cells partially blocked BMMSC-mediated bone
formation (CD8%). Infusion of CD4*CD25*Foxp3* regulatory T cells (Tregs) showed no
inhibitive effect on bone (B) and improvement of bone marrow (BM) formation. (c) Image J
semi-quantitative analysis indicated amount of bone formation in BMMSC implants in nude
mice. (d) Subcutaneous implantation of BMMSCs in C57BL6 mice elevated expression of
IFN-y and TNF-a in the BMMSC implants from 4 to 14 days post implantation as evidenced
by ELISA analysis (far left panel). However, there were no significant changes in the levels
of IL-4, IL-6, and IL-17A in the BMMSC implants (far left panel). Subcutaneous
implantation of BMMSCs in nude mice showed no significant change in levels of IFN-v,

Nat Med. Author manuscript; available in PMC 2012 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 13

TNF-a, IL-4, IL-6, and IL-17A (left panel). With infusion of Pan T cells or CD4*CD25~
cells into nude mice, the levels of IFN-y and TNF-a were increased in BMMSC implants,
along with no significant change for the levels of IL-4, IL-6, and IL-17A (middle and right
panels). Infusion of Tregs appeared no effect on the levels of IFN-y, TNF-q, IL-4, IL-6, and
IL-17A in the BMMSC implants in nude mice (far right panel). (e) Subcutaneous
implantation of IFN-y, TNF-a, IL-4, IL-6, and IL-17A (200 ng) with hydrogel and
BMMSCs in nude mice showed that BMMSC/HA/TCP positive control group had marked
bone formation (B) around HA/TCP (HA) at 8 weeks post implantation (Control). IL-4 and
IL-6 treated BMMSCs showed a reduction in new bone formation (IL-4, IL-6) and IL-17A
treatment appeared no inhibitive effect on BMMSC-mediated bone formation (IL-17A).
Moreover, IFN-vy treatment resulted in a completely blockage of new bone formation (IFN-
v) and TNF-a treatment led to a very limited bone formation in BMMSC implants (TNF-a).
(f) Image J semi-quantitative analysis showed the amount of new bone formation in each
group. (g) When IFN-y and TNF-a neutralizing antibodies (50, 150, 300 pg/mouse) were
injected into C57BL6 mice at 2 days prior to BMMSC implantation, there is no bone
formation in groups treated with 50 ug IFN-y antibody (IFN-y Ab 50), 50 and 150 pug TNF-a
antibody (TNF-a Ab 50, TNF-a Ab 150). New bone formation was observed in 150 ug and
300 pg IFN-y neutralizing antibody treatment groups (IFN-y Ab 150, IFN-y Ab 300), and
300 pg TNF-a antibody treatment groups (TNF-a Ab 300). Combination treatment of 300
ug IFN-y and 300 pg TNF-a resulted in a marked bone formation (IFN-y Ab 300, TNF-a Ab
300). (h) The amount of new bone formation was shown by semi-quantitative analysis of
image J analysis. (*P < 0.05, **P < 0.01, n=5). Scale bar, 100um.
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Figure 2. Regulatory T cell (Treg) improved BMMSC-mediated bone formation in C57BL6 mice
(a) Subcutaneous implantation of littermate BMMSCs in C57BL6 mice failed to regenerate

bone at 8 weeks post implantation. H&E staining showed connective tissue (CT) surround
HAJ/TCP (HA) in the BMMSC implants (Control). However, Infusion of
CD4*CD25*Foxp3* regulatory T cells at 2 days prior to the BMMSC/HA/TCP implantation
resulted in a marked new bone formation (B) around HA/TCP (HA) and connective tissue
(CT) in BMMSC implants at 8 weeks post implantation (-2d Tregs iv.). Infusion of
CD4*CD25*Foxp3* regulatory T cells at 7 days prior to the BMMSC/HA/TCP implantation
failed to show bone formation (=7 d Tregs iv.). (b) Image J semi-quantitative analysis
indicated relative amount of bone volume in BMMSC implants. (c) ELISA analysis showed
that Treg infusion reduced levels of IFN-y and TNF-a in the BMMSC implants at 7-14 days
post implantation when compared to untreated control group. The levels of 1L-4 and IL-10
had no significant changes among these groups. In addition, Treg infusion reduced the
number of neutrophil cells and levels of IL-6 in the BMMSC implants at 1-2 and 4-7 days
post implantation, respectively. (d) Subcutaneous implantation of BMMSCs with HA/TCP
failed to induce any up-regulation of Tregs. (e, f) Systemic infusion of Tregs (¢) or BMMCs
() at 2 days prior to BMMSC implantation induced a significant up-regulation of Tregs. The
up-regulated Tregs gradually decreased to normal level after 9 days of infusion. (g—i)
Different doses of Tregs were infused to C57BL6 mice. Tregs at 1 x 10% and 2 x 108

showed significantly elevated levels of Tregs than 0.1 x 108 and 0.5 x 108 groups at
indicated time points (g). 0.1 x 10% and 0.5 x 108 Treg infusion group failed to promote
bone formation in subcutaneous BMMSC implants (h). However, Tregs at 1 x 10° and 2 x
108 groups showed similar effect in promoting bone formation in BMMSC implants (h).
Image J semi-quantitative analysis showed the amount of new bone formation in each group
(i). (*P <0.05, **P < 0.01, n=5). Scale bar, 100 pm
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Figure 3. IFN-y inhibited osteogenic differentiation of BMMSCs
(a) When BMMSCs were co-cultured with 200 ng mI~1 IL-4, IL-6, IL-17A, and IFN-y in

osteogenic medium for 14 days, alizarin red staining showed that IFN-vy treatment
significantly inhibited mineralized nodule formation when compared to osteogenic inductive
(osteogenesis), IL-4, IL-6, and IL-17A groups. IL-4 treatment reduced mineralized nodule
formation. But IL-6 and IL-17A treatment had no inhibition effect on the mineralized nodule
formation. (b) When 50 ng mI~1 IFN-y was used to treat BMMSCs, there was no significant
inhibitive effect on mineralized nodule formation compared to osteogenic inductive group as
evidenced by alizarin red staining. However, 200 ng mI~1 IFN-y treatment showed a
significant reduction in mineralized nodule formation. (c) Western blot analysis showed that
IFN-v at 200 ng mlI~1 elevated Smad 6 expression and inhibited expression levels of
osteogenic genes Runx2, ALP and OCN, which were not observed in 50 ng mI= IFN-y
treatment group. Expression level of Smad 7 was not altered in IFN-y-treated BMMSCs. (d,
e) IFN-y treatment failed to block osteogenesis and alter expression levels of Smad 6 and
Runx2 in Fas™~ BMMSCs derived from Ipr mice (d) and Fas knock down BMMSCs by
SiRNA (e) as assessed by alizarin red staining and Western blot analysis, respectively. (*P <
0.05, **P < 0.01, n=5).
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Figure 4. IFN-y synergistically enhanced TNF-a-induced BMMSC apoptosis via Fas apoptotic
pathway
(@) IL-4, IL-6, IL-17A, TGF-B1, IFN-y, and TNF-a at various concentrations (1, 10, 20, 50,

100, 200 ng mlI~1) were cultured with BMMSCs for three days. Only TNF-a induced a dose-
dependent cell death and other cytokines showed no effect on BMMSC death as evidenced
by toluidine blue staining. (b) TNF-a (50 ng mI~1 to 200 ng mI~1) induced BMMSC
apoptosis was synergistically enhanced by IFN-y treatment (50 ng ml~1) as assessed by
toluidine blue staining. (c) IFN-y (1-200 ng mI~1) was not able to induce BMMSC
apoptosis. With adding TNF-a (50 ng ml~1), a dose dependent BMMSC death was observed
from 1 to 50 ng mI~1 IFN-y groups. When IFN-y concentration reached higher than 100 ng
ml~1, there was no any BMMSC survived in the cultures. (d) Representative images showed
that IFN-y (50 ng mI~1) accelerated TNF-a, (20 ng ml~1) induced BMMSC apoptosis
(triangles, TNF-a 20 ng mI~1 and IFN-y 50 ng mI~1) as evidenced by 7AAD/Annexin
staining when compared to TNF-a treatment group (TNF-a 20). (€) When BMMSCs (4 x
10%) were subcutaneously implanted into nude mice with matrigel containing TNF-a (50 ng
mlI~1) showed a marked reduction in the numbers of survived BMMSCs compared to
untreated control group at 30 days post implantation. Moreover, combined treatment of
TNF-a (50 ng mI~1) and IFN-y (200 ng mI~1) resulted in a completely no BMMSC survived
at 30 days post implantation. (f) IFN-y (50 ng mI~1) treatment induced up-regulated
expression of Fas in wild type BMMSCs along with no activation of caspase 3 and caspase
8. TNF-a (20 ng ml~1) treatment showed slightly increase in Fas expression and caspase 3
activity as evidenced by Western blot analysis. When co-stimulated with IFN-y and TNF-a,
expression levels of Fas, cleaved caspase 8 and 3 were significantly elevated when
compared to TNF-a treatment group. Interestingly, BMMSCs derived from Fas™~ Ipr mice
showed no response to IFN-y and TNF-a treatment in terms of expression of cleaved
caspase 8 and 3. (g, h) When Fas expression was partially blocked by siRNA, Western blot
analysis showed that expression levels of cleaved caspase 8 and 3 were reduced in IFN-y/
TNF-a-treated group (g), along with a significantly reduction of survived cells (h). (*P <
0.05, **P < 0.01, n=5). Scale bar, 50 pm.
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Figure 5. IFN-y synergistically enhanced TNF-a-induced BMMSC apoptosis via inhibition of
TNFR2/NFxB pathway and Fas internalization

(a) Fluorescent immunocytostaining showed that Fas and actin were localized on BMMSC
surface and in cytoplasm, respectively (0 h). IFN-y (50 ng mI~1) and TNF-a (20 ng mI~1)
treatment resulted in Fas internalization and clustering in BMMSCs as shown in indicated
time points (0.5-4 hours). A marked BMMSC apoptosis was observed at 2—4 hours IFN-y/
TNF-a treatment. (b) When endocytosis inhibitor Lnt A was used to treat BMMSC for 3
hours, IFN-y/TNF-a-induced cell death and activation of cleaved caspase 8 and 3 were
significantly reduced as assessed by toluidine blue staining and Western blot analysis. (c)
Caspase 8 inhibitor treatment reduced levels of cleaved caspase 8 and 3 in IFN-y/TNF-a-
treated BMMSCs, which was associated with rescuing IFN-v/TNF-a-induced cell death as
shown by toluidine blue staining. Caspase 3 inhibitor was also capable of rescuing IFN-y/
TNF-a-induced BMMSC death with partially inhibition of cleaved caspase 3 and no
inhibitive effect on cleaved caspase 8. (d) Blockage of caspase activities using pan caspase
inhibitor (upper-right), caspase 8 inhibitor (lower-left), or caspase 3 inhibitor (lower-right)
reduced number of Fas internalization when compared to control group (upper-left). (e)
Western blot analysis showed that IFN-v/TNF-a treatment resulted in a decreased
expression of TNFR2, phosphorylated NFxB (pNFkB), FLIP, and XIAP when compare to
TNF-a-treated BMMSCs. (f) Inhibition of TNFR2, IKK, FLIP, and XIAP using siRNA led
to up-regulation of cleaved caspase 8 and 3 in IFN-y (25 ng mI~1)/TNF-a (10 ng mI™1)
treated BMMSCs. (*P < 0.05, **P < 0.01, n = 5). Scale bar, 20 um (a), 50 um (d).
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Figure 6. Treg infusion and aspirin treatment improved BMMSC-mediated bone formation for
repairing calvarial bone defects in C57BL6 mice

(a) Normal calvarial bone showed general microCT image of sutures (arrows) and intact
bone structure (left panel), coronal microCT image (upper-middle panel) and sagittal
microCT image (lower-middle panel). H&E staining showed coronal calvarial bone (right
panel) and suture area (far right panel). (b) 7 x 8 mm critical-sized calvarial bone defects
were generated in C57BL6 mice, very limited amount of bone formation was identified at 12
weeks post surgery as shown by general microCT image (left panel). The calvarial defect
was shown by coronal microCT image (upper-middle panel) and sagittal microCT image
(lower-middle panel). H&E staining showed the coronal calvarial defect (right panel) and
suture area with newly formed bone (far right panel). (c) With implantation of BMMSCs
using gelfoam as a carrier, there was certain amount bone regeneration at 12 weeks post
implantation, but failed to completely repair the calvarial defects (left panel). The repair area
of the calvarial defect was shown by coronal microCT image (upper-middle panel) and
sagittal microCT image (lower-middle panel). H&E staining showed the repaired coronal
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calvarial defect (right panel) and suture area (far right panel). (d) Tregs were infused into the
recipient mice at 2 days prior to BMMSC/gelfoam implantation, a totally repairing of the
calvarial defects was observed at 12 weeks post implantation (left panel). The repair area of
the calvarial defect was shown by coronal microCT image (upper-middle panel) and sagittal
microCT image (lower-middle panel). H&E staining showed the repaired coronal calvarial
defect (right panel) and suture area (far right panel). (¢) MicroCT quantitative analysis
showed amount of bone formation in each group. (f) Immunohistochemical staining showed
that the numbers of IFN-y and TNF-a positive cells were higher in BMMSC implants in
C57BL6 mice in comparison to BMMSC implants in nude mice. There were significantly
decreased levels of IFN-y and TNF-a in aspirin treated group when compare to untreated
control group in C57BL6 mice. (g) 4 x 105 BMMSCs were cultured with 50 ug ml~1 aspirin
for 2 days and subsequently seeded into 7 x 8 mm calvarial bone defect areas using hydrogel
as carrier, which contained 0, 25, 50, 100, and 200 pg aspirin. Gelfoam containing 2 x 10°
BMMSCs and 100 g aspirin was used to cover hydrogel/BMMSC complex prior to the
suture. At 12 weeks post implantation, microCT analysis showed that calvarial defects were
partially repaired at 25-50 pg aspirin groups and completely repaired at 100 and 200 pg
aspirin groups. (h) Image J semi-quantitative analysis showed relative amount of bone
formation in calvarial defect area. (*P < 0.01, n=5; G: galform; B: bone). Scale bar, 1,000
um (left, upper-left and lower-left panels of a—d, g), 500 um (left panels of a—d), 100 pm
(far left panels of a—d), 50 um (f).
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