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ORIGINAL ARTICLE Journal of



T Cell Suppression by Osteoclasts In Vitro



Cellular Physiology



FRANCESCO GRASSI*, CRISTINA MANFERDINI, LUCA CATTINI, ANNA PIACENTINI, ELENA GABUSI, ANDREA FACCHINI, AND GINA LISIGNOLI* S.C. Laboratorio di Immunoreumatologia e Rigenerazione Tissutale, Istituto Ortopedico Rizzoli, Bologna, Italy T cells are critical regulators of osteoclast differentiation and function in bone, but whether osteoclasts can, in turn, regulate T cell homing, and response to stimuli is unclear. To investigate whether osteoclasts are immune competent cells, the expression of HLA Class II and costimulatory receptors was evaluated by RT-PCR and immunohistochemistry by comparing osteoclast precursors and mature osteoclasts. T-cell-attracting chemokines were measured in the supernatants of confluent cultures of osteoclasts and compared with mesenchymal stromal cells and osteoblasts. T cell proliferation, cytokine production, and apoptosis were assayed in co-cultures with osteoclasts in the presence or absence of mitogenic stimuli. To define the mechanism of action of osteoclasts, cytokine-blocking experiments were performed. Our findings revealed that mature osteoclasts constitutively expressed Class II HLA in the membrane and upregulate the expression of CD40 and CD80 during differentiation. Osteoclasts secreted high levels of most T cell chemoattractants and effectively retained T cells in adhesion assays. Moreover, the osteoclasts potently blunted T cell response to PHA and CD3/CD28 stimulation, thus inhibiting proliferation, suppressing T cell TNFa and IFNg production and decreasing T cell apoptosis by a mostly cellcontact independent mechanism. In conclusion, osteoclasts are immune-competent cells which can retain T cells and suppress in vitro T cell response to proliferative stimuli. J. Cell. Physiol. 226: 982–990, 2011. ß 2010 Wiley-Liss, Inc.



Bone is a dynamic tissue that continuously remodels throughout adult life. A finely regulated process, referred to as coupling, keeps new bone formation and bone resorption in balance within microscopic, basic multicellular units lying at the interface of bone and bone marrow (Hauge et al., 2001; Parfitt, 2001). Here, bone cells are in close proximity with immune cells and together they define a peculiar microenvironment where one system regulates the other in several ways (Takayanagi, 2007). For example, the hematopoietic stem cell niche and the B lymphocyte niche are formed and maintained through interaction with osteoblasts at the endosteal surface of bone (Calvi et al., 2003; Wu et al., 2008). On the other hand, bone cells are under the influence of immune cells, and particularly T cells. Inflammatory diseases of bone exemplify well the bone wasting effect of activated T cells; indeed, activated T cells are a key source of RANKL, the non-redundant osteoclastogenic factor (Wong et al., 1997). In osteoporosis, T cells are activated in the bone marrow by a mechanism involving dendritic cells and increased oxidative stress (Lean et al., 2003; Grassi et al., 2007), ultimately leading to the expansion of the pool of TNFa producing T cells and increased osteoclast (OC) differentiation (Cenci et al., 2000). In rheumatoid arthritis, the sustained activation of T cells in the inflamed synovium increase local concentrations of osteoclastogenic cytokines, primarily TNFa and IL-17 (Kong et al., 1999; Romas et al., 2002; Sato et al., 2006), which provide essential support for the increased OC differentiation at the pannus-bone interface (Schett, 2007). OCs arise from hematopoietic precursors through sequential differentiation steps upon stimulation with M-CSF and RANKL (Teitelbaum, 2000). Whereas the primary function of OCs is bone resorption, a remarkable plasticity in their role has emerged in recent studies: for example, OC-secreted proteins have been found to recruit osteoprogenitor cells and trigger bone formation by osteoblasts (OB) (Karsdal et al., 2008; Pederson et al., 2008) through signals independent of bone matrix breakdown. Although OCs are strongly regulated by T cells, whether they are immune-competent cells and can signal back to T cells is still unclear. In this study, we tested the hypothesis that OCs can regulate T cells in the local microenvironment. After preliminary histological evaluation of sections of mouse femurs we noticed ß 2 0 1 0 W I L E Y - L I S S , I N C .



and reported that CD3-positive T cells were not randomly distributed within the marrow space, but localized near the endosteal surface of bone; moreover, T cells appeared to colocalize with areas richer in OCs, thus undergoing intense bone remodeling (Grassi et al., 2005). However, functional implications of this observation are still unclear. Supporting evidence for possible T-cell modulation by OCs comes from the observation that cells stemming from myeloid progenitor cells, such as myeloid dendritic cells, macrophages and microglia are either professional or inducible antigen-presenting cells and can variably induce activation or inhibition of T cells depending on the repertoire of costimulatory molecules or the cytokine milieu (O’Keefe et al., 1999; Servet-Delprat et al., 2002). Furthermore, the bone marrow is a unique microenvironment where T cell subsets show a peculiar frequency and responsiveness compared with other lymphoid tissues (Di Rosa and Pabst, 2005), but what cells or secreted molecules are responsible for such specificity is still obscure. Our findings suggest that indeed OCs are immunecompetent cells capable of attracting and retaining T cells at the bone surface; in keeping with recent observations by other authors (Kiesel et al., 2009), we show that OCs can affect T cell phenotype and responsiveness in a model of antigenindependent stimulation, thus revealing a new intriguing role for OCs in the regulation of bone marrow immune microenvironment.
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Human OCs were differentiated from monocytic precursors isolated from buffy coats obtained from healthy donors as previously described (Grassi et al., 2003). Briefly, peripheral blood mononuclear cells (PBMCs) were separated by gradient centrifugation using Ficoll-Hypaque density gradient (d ¼ 1.077 g/ml) from Pharmacia Biotech (Uppsala, Sweden). The cells were recovered, washed twice, and CD11b-positive cells were then purified by immunomagnetic labeling using the Midi MACS cell separation system (Miltenyi Biotec, Bergisch Gladbach, Germany). The purity of isolated monocytes was controlled by flow cytometry using anti-CD11b FITC-labeled antibody (Miltenyi Biotec) and found consistently >95%. Monocytes were resuspended in minimum essential medium alpha (Invitrogen, San Giuliano Milanese, Italy) supplemented with 10% FBS (Invitrogen), L-glutamine, penicillin/streptomycin (Sigma, Milan, Italy), seeded at a density of 5  105/cm2 in the presence of M-CSF (10 ng/ml; R&D, Minneapolis, MN) and RANKL (75 ng/ml, Milteny Biotec). After 7– 8 days in culture, large, mature, multinucleated osteoclasts were formed and specificity was confirmed through histochemical TRAP staining as detailed elsewhere (Grassi et al., 2003). Osteoclast cultures were extensively washed four times in PBS before further processing to remove precursors cells, thus improving the purity of the culture.



bound antigen was detected, fresh OCs were stained and fixation was performed only at the end of the staining procedure. The OCs were washed in PBS, hydrated in Tris Buffered Saline (TBS) containing 1% BSA and incubated with mouse anti-human HLA-DR monoclonal antibody (Clone TAL.1B5, Dako, Milan, Italy) or mouse IgG1 isotype control, both diluted in TBS 1% BSA, for 1 h at room temperature. The slides were washed twice with TBS 0.04 M pH 7.6 and sequentially incubated with goat-anti-mousebiotinilated and alkaline phosphatase-conjugated streptavidin (Kit BioGenex, San Ramon, CA) at room temperature for 30 min. Slides were developed using new fuchsine as a substrate. After washing, the cells were fixed in 4% paraformaldeyde. For immunohistochemical staining of human bone specimens, trabecular bone was obtained from osteoarthritis patients undergoing elective total joint replacement of the knee. Subchondral trabecular bone biopsies were fixed immediately in a freshly prepared 9:1 mixture of B5 solution (mercuric-chloride containing fixative)/40% formaldehyde at room temperature for 2 h. The biopsies were then decalcified in 0.1 M EDTA-bi sodium salt, dehydrated and embedded in paraffin as previously described (Lisignoli et al., 2002). Sequential slides were then incubated with polyclonal anti-human-CD3 (Dako) or with monoclonal antihuman-TRAP (Novocastra, Newcastle, UK working dilution 1:100), diluted in TBS containing 0.25% BSA, 0.1% NaN3 and 1.5% normal rabbit serum, at room temperature for 1 h. The slides were developed as described above.



Isolation of osteoblasts and mesenchymal stromal cells



Real-time polymerase chain reaction (RT-PCR)



Human osteoblasts (OB) and mesenchymal stromal cells (MSC) were obtained as previously described (Lisignoli et al., 2006, 2009). Briefly, OBs were obtained from the tibial plateau of patients undergoing total knee replacement for osteoarthritis. Briefly, bone chips obtained from the tibial plateau bone were minced and then digested at 378C for 2 h in 1 mg/ml of collagenase P (Boehringher Mannheim Corporation, Indianapolis, IN), washed and placed in 100  20 mm2 dishes (0.05 ml condensed chips/dish) in 1:1 a mixture of DMEM/Ham’s F12K no calcium (Invitrogen Corporation, Paisley, Scotland, UK) supplemented with antibiotics (100 U/ml penicillin and 100 mg/ml streptomycin), 25 mg/ml ascorbic acid (Sigma, St. Louis, MO), 4 mM glutamine (Sigma), and 10% heat inactivated FBS (Cambrex Bio Sciences, Verviers, Belgium). The bone chips were fed twice a week and after 2 weeks removed. OBs were allowed to grow until confluent and then used for the experiments. MSCs were obtained from 5 ml of bone marrow aspirate, during hip surgery of four posttraumatic patient donors. Briefly, the MSCs were isolated using Ficoll-Hypaque density gradient. The cells were washed twice, re-suspended in D-MEM with low glucose and 15% FBS, counted, and plated at a concentration of 2  106 cells/T150 flask. After 1 week, non-adherent cells were removed and the adherent h-MSCs expanded in vitro.



Total cellular RNA was isolated from CD11bþ monocytes and mature OCs using the RNeasy Mini Kit (Qiagen S.p.A., Milano, Italy) according to the manufacturer’s instructions. RNA samples were treated with DNase I (DNA-free Kit, Ambion, Austin, TX), analyzed for purity and quantified spectrophotometrically, then reverse transcribed using MMLV reverse transcriptase and random hexamers (Perkin Elmer, Norwalk, CT). Primers for PCR amplification were designed from GeneBank sequences using Primer 3 Software (Rozen and Skaletsky, 2000) and chosen to span exon junctions in order to check for genomic DNA amplification. Primer sequences were as follows: GAPDH: forward, 50 -TGGTATCGTGGAAGGACTCA-30 , reverse, 50 GCAGGGATGATGTTCTGGA-30 (GeneBank Accession no. NM_002046). CD80: forward, 50 -TCTGACGAGGGCACATACGA-30 , reverse, 50 -TTCCAACCAGGAGAGGTGAG-30 (GeneBank Accession no NM_005191); CD40: forward, 50 CTCTTGGTGCTGGTCTTTATC-30 , reverse, 50 -TGCGACTCTCTTTGCCATC-30 (GeneBank Accession no. NM_001250). Real time PCR was run in a LightCycler Instrument (Roche Molecular Biochemicals, Mannheim, Germany) using the SYBR Premix Ex Taq (TaKaRa Biomedicals, Tokyo, Japan) with the following protocol: 958C for 10 sec, followed by 45 cycles of 958C for 5 sec and 608C for 20 sec. The increase in PCR product was monitored by measuring the increase in fluorescence at each amplification cycle. The Ct values (i.e., the cycle number at which the detected fluorescence exceeds the threshold value) were determined for each sample and specificity of the amplicons was confirmed by melting curve analysis and agarose gel electrophoresis. For each gene of interest mRNA levels were normalized to the reference gene glyceraldehyde-3 phosphate dehydrogenase (GAPDH) according to the comparative Ct method and expressed as fold difference values relative to the samples grown in plastic wells.



Materials and Methods Osteoclast differentiation



Isolation of T cells



T cells were isolated from the Buffy coat obtained from healthy donors. PBMCs were obtained using Ficoll-Hypaque and washed twice in PBS; the T cells were isolated through immunomagnetic negative selection using a commercial kit (Pan T cells Isolation Kit II, Miltenyi Biotec), following the manufacturer’s instructions. At the end of the isolation, T cell phenotype and purity was controlled by flow cytometry labeling with PE-Cy5-labeled anti-CD4 and PElabeled anti-CD8 antibodies (BD Biosciences, San Jose, CA). The T cells were consistently found >98% positive to CD4 and CD8. Immunohistochemistry



Immunohistochemical staining was performed for HLA class II molecules on mature OCs grown on plastic eight-well chamber slides. Mature OCs were either left untreated or treated with human IFNg (10 ng/ml) for 24 h; to ensure that only membraneJOURNAL OF CELLULAR PHYSIOLOGY



Chemokine secretion by bone cells



The production of T cell-attracting chemokines (CCL-2, CCL-3, CCL-4, CCL-5, CCL-11, CXCL-9, CXCL-10, CXCL12, MIF) was assessed in the cell culture supernatant obtained from OCs, OBs, and MSCs (n ¼ 6 for each cell type). The cells were cultured until 80% confluent, then the culture media was replaced and collected
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after an additional 48 h in culture; the supernatants were then centrifuged at 10,000g for 3 min and frozen until chemokine quantification was performed. Chemokines were simultaneously quantified using a Multiplex Cytokine Assay (Bio-Rad Laboratories, Inc., Hercules, CA) based on a custom-made cytokine detection panel, following the manufacturer’s instructions. Fifty microliters of each sample were used in the assay. The signal was measured with Bio-Plex Manager software interfaced with a Bio-Plex Reader (Biorad, Segrate, Milano, Italy). Adhesion assay



Confluent cultures of OCs, OBs, and MCSs, were washed twice in PBS and T cells previously labeled with calcein AM (5 mM, Invitrogen) were seeded (1  106/ml) in RPMI 1640 medium (Invitrogen) and incubated for 30 min and 1 h. The cells were then gently washed twice with PBS and the adherent fraction was lysed and immediately read with a specrofluorimeter (SpectraMax, Molecular Devices, Sunnyvale, CA).



binding buffer and stained with Annexin V (5 mg/ml) and propidium Iodide for 10 min at room temperature. The cells were then analyzed by Flow cytometry for Annexin V positive PI negative population. A lymphocyte gate was applied prior to quantification. For quantification of DNA fragmentation we used the Cell Death ELISA PLUS Kit (Roche Applied Science, Monza, Italy), following the manufacturer’s instructions. Briefly, T cells were left untreated or stimulated with PHA (50 ng/ml) in the presence or absence of OCs for 3 days. A positive control was obtained by treating an aliquote of T cells with Camptothecin (10 mM, Sigma–Aldrich) for the last 5 h in culture. T cells were then harvested and lysed with lysis buffer; in order to evaluate the level of histon-associated DNA fragments in the cytoplasmatic fraction of cells, 20 ml of cell lysate were assayed in a sandwich-enzyme-immunoassay by adding a mixture of anti-histone and anti-DNA antibodies conjugated with peroxidase. Peroxidase retained in the immunocomplexes was finally determined photometrically using 2,20 -Azino-bis(3Ethylbenzthiazoline-6-Sulfonic Acid) (ABTS) as a substrate and expressing the data as absorbance readings at 405 nm.



Co-cultures and T cell proliferation



Co-culture experiments were set using OCs, MSCs or OBs (80% confluent) grown on 96-well plates. T cells were seeded (1  106/ ml) in RPMI 1640 medium (Invitrogen) containing 10% FBS and were either left untreated or stimulated with phytohemagglutinin (PHA, 50 ng/ml, Sigma–Aldrich, Saint Louis, MO) or anti-CD3/ CD28 (T cell activation and expansion Kit, Miltenyi Biotec) for 72 h. Control cultures consisted of T cells alone in stimulated and unstimulated conditions. The co-cultures were fed with a suboptimal concentration of RANKL (15 ng/ml) to ensure OC survival during the assays. T cell proliferation was measured with CFSE labeling or thymidine incorporation. For CFSE labeling, purified T cells (1  107/ml) were incubated in PBS containing 5 mM carboxyfluorescein diacetate succinimidyl ester (CFSE, Invitrogen) for 5 min. The cells were then washed three times with PBS containing 5% inactivated FBS and used for co-cultures. After 72 h in culture, proliferation of CFSE-labeled target T cells was analyzed using a four-color BD FACS Vantage Instrument and Flow-Jo Software (Treestar, Ashland, OR). For thymidine incorporation, the cultures were pulsed with 3HThymidine (1 mCi/well in 96-well plates) for the last 18 h before harvesting. Thymidine incorporation was assessed using a Packard Topcount scintillation counter (PerkinElmer Life and Analytical Sciences, Inc., Waltham, MA). Intracellular cytokine detection



T cell production of TNFa and IFNg was assessed by flow cytometry in cultures of T cells alone and T cells co-cultured with OCs. The T cells were harvested, washed once and re-stimulated in the presence of phorbol 12-myristate 13-acetate (5 ng/ml, Sigma), ionomycin (500 ng/ml, Sigma), and Golgi plug (BD Biosciences) for 5 h at 378C. The cells were then labeled with anti-CD4 and antiCD8 (BD Biosciences) and intra-cellular stained for TNFa, IFNg, or isotype control by using a Cytofix-Cytoperm kit (BD Biosciences), following the manufacturer’s instructions. The cells were analyzed by flow cytometry. T cell apoptosis



Apoptosis was analyzed in T cells cultured in the presence or absence of OCs by two approaches: Annexin V and propidium iodide (PI) staining and measurement of DNA fragmentation by quantification of histone-associated DNA fragments in the cytoplasmatic fraction of cell lysates. For Annexin V and PI staining a commercial kit was used (Annexin V-FITC apoptosis detection Kit, BD Biosciences), following the manufacturer’s instructions. Briefly, T cells were left untreated or stimulated with PHA (50 ng/ml) in the presence or absence of OCs for 3 days. T cells were then harvested, washed twice in cold PBS, resuspended in Annexin V JOURNAL OF CELLULAR PHYSIOLOGY



Statistical analysis



Data were analyzed by one-way ANOVA and Tukey multiple comparison tests. Simple comparisons were made by using a twotailed unpaired Student’s t test. P values 


To understand whether osteoclasts were immune-competent cells, we first stained mature OCs for membrane HLA class II molecules. Indeed, whereas HLA-class I molecules are widely expressed among cells and tissues, constitutive HLA-class II expression marks the subset of professional antigen-presenting cells (Klein and Sato, 2000). As shown in Figure 1, mature, TRAP-positive (Fig. 1a) osteoclasts showed a constitutive expression of Class II HLA-DR molecules (Fig. 1c); isotypematched negative control showed no staining (Fig. 1b). Further attesting to specificity, the expression was readily up-regulated upon treatment with 10 ng/ml of IFNg for 24 h (Fig. 1d). A high magnification picture of a class II HLA-DR positive OC is shown in part 1e. Importantly, immunostainings were performed prior to fixation, confirming that HLA-DR was solely expressed in the cell membrane in this system. Furthermore, we compared mRNA expression for two key costimulatory receptors, CD40 and CD80, in CD11bþ monocytes and mature osteoclasts. As shown in Figure 1f,g, maturation of osteoclasts is associated with a significant up-regulation of both receptors; CD40 showed a twofold increased expression in OCs compared to monocytes, whereas CD80 showed a highly significant fivefold increased expression. OCs can attract and retain T cells



Following our early observation in mice that T cell localize predominantly near OCs-enriched areas in the bone marrow (Grassi et al., 2005), we wondered whether OCs were capable of retaining T cells near the bone surface. Thus, we analyzed the profile of secretion of T cell-attractant chemokines in confluent cell culture from mature OCs and performed adhesion assays. Other cell types lying at the bone surface, such as OBs and MSCs, were collected and used as a comparison in these experiments. First, chemokine concentrations in the supernatant of confluent cultures were assessed after 48 h in culture by using a multiplex assay. As shown in Figure 2a, unstimulated OCs secreted elevated concentration of most T cell chemoattractants: in particular, CCL2 (MCP-1), CCL3 (MIP-1a), CCL4 (MIP1b), CXCL9 (MIG), CXCL10 (IP10), were highly secreted in OC culture supernatants and
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sections obtained from osteoarthritis patients. Representative photomicrographs are shown in Figure 2c,d. TRAP positive osteoclasts lining the endosteal surface of bone (Fig. 2c) are proximal to CD3þ T cell in the bone marrow space (Fig. 2d). Thus, in human bone marrow specimen OCs are found in physical proximity with T cells. OCs suppress antigen-independent T cell proliferation



Fig. 1. Mature OCs constitutively express HLA-Class II membrane antigen and up-regulate co-stimulatory receptors CD40 and CD80. a: Tartrate-Resistant Acid Phosphatase (TRAP) staining showing fully differentiated, multinucleated osteoclasts. b,c: Immunohistochemical staining for: (b) Mouse IgG1, isotype control or (c) anti-human class II HLA-DR, shows specific, positive staining on OCs. (d) Immunohistochemical staining for anti-human class II HLADR on osteoclasts treated for 24 h with 10 ng/ml of IFNg, showing upregulated positive staining of class II HLA-DR antigen expression (original magnification 100T); (e) high magnification picture of a class II HLA-DR positive OC, showing multiple nuclei typical of OC morphology (original magnification x400). f,g: Real-time PCR analysis of mRNA expression for CD40 and CD80 in cultures of CD11bR monocytes and mature OCs. Values are the mean W SEM for six independent experiments. MP < 0.05, MMP < 0.01.



significantly more abundant than those of MSC and OB cultures. Although CCL5 (RANTES) concentration was higher in OC cultures, it did not reach statistical significance in the three cell types. Although the concentration of CCL11 (Eotaxin) was low, it was still significantly higher in OCs than that of MSC and OB cultures. Chemokine MIF was significantly more abundant in OC cultures than that of OB cultures, whereas MSCs secreted intermediate levels of this protein. Moreover, as expected and based on previous reports (Ponomaryov et al., 2000), CXCL12 (SDF-1) was found to be more abundantly expressed by stromal cell cultures. In adhesion assays (Fig. 2b), OC cultures retained an average of 33% calcein-labeled T cells at their cell surface after 1 h of coculture; the adhesion of T cells to a layer of OCs was found to be over threefold greater than their adhesion to MSC or OB confluent cultures. Moreover, T cell adhesion increased over time only when cultured with OCs. To confirm our previous observations in mice (Grassi et al., 2005), we performed immune staining of sequential JOURNAL OF CELLULAR PHYSIOLOGY



Next we asked ourselves whether OCs could modulate T cell response to activation; to answer this question we chose to stimulate T cells with PHA and anti-CD3/CD28 antibodies and measured T cell response by CFSE labeling and 3H-Thymidine incorporation. In this set of experiments we used MSCs as a control, given the large body of evidence showing the immunesuppressive function of these cells (Aggarwal and Pittenger, 2005; Nauta and Fibbe, 2007). As detailed in the Materials and Methods Section, osteoclast survival was ensured during the 72 h co-culture by adding suboptimal concentration of RANKL to the culture medium in every sample. Figure 3a,b shows the flow cytometric profile obtained from CFSE-labeling after 3 days of co-culture: as expected, PHA and anti-CD3/CD28 induced substantial proliferation in T cells, though the former was more effective than the latter after 72 h in culture (68% and 40% of T cells were induced to proliferate, respectively). However, when T cells were cultured and stimulated in the presence of OCs, T cell response was markedly reduced: in particular, PHA-induced proliferation was blunted by nearly 95%, whereas anti-CD3/CD28-induced proliferation was reduced by approximately two-thirds. Consistent with data from other authors (Krampera et al., 2003; Aggarwal and Pittenger, 2005), MSCs caused a nearly 50% reduction in T cell proliferation. When proliferation was measured using 3HThymidine incorporation we found similar results, as shown in Figure 3c. To test whether the inhibitory effect of OCs was cell-contact dependent or mediated by soluble factors secreted by OCs, we performed a proliferation experiment by using conditioned medium from OCs (OCcm) cultures. Conditioned medium was diluted 1:1 with RPMI medium to maintain optimal conditions for T cell proliferation. As shown in Figure 3d, T cells stimulated in the presence of OCcm were significantly less responsive to both PHA and anti-CD3, resulting in approximately 50% inhibition of proliferation as measured by 3 H-Thymidine. OCs suppress the T cell production of TNFa and IFNg



To investigate the inhibitory effect of OCs on T cells better, we analyzed T cell secretion of two key inflammatory cytokines, TNFa and IFNg. Because T cells are normally re-stimulated during intracellular cytokine staining, we did not stimulate T cells further with PHA before staining, but simply compared resting T cells and T cells cultured in the presence of OCs. In preliminary experiments carried out on human PBMCs, we found that TNFa was predominantly secreted by CD4þ T cells, whereas IFNg was predominantly expressed by CD8þ T cells. Thus, we focused our analysis on these specific subsets. As shown in Figure 4a–c, CD4þ T cells stimulated with PMA and ionomycin showed a substantial positive staining to intracellular TNFa; similarly, most CD8þ T cells (Fig. 4d–f) expressed intracellular IFNg upon stimulation. However, when T cell were cultured in the presence of OCs, the ability of PMA and ionomycin to stimulate cytokine production was nearly completely abrogated, thus revealing a potent inhibitory effect by OCs on T cell cytokine production. OCs prevent T cell apoptosis



To define the relationship between the regulation of activation and lifespan in T cells, we assessed whether the OC regulation



985



986



GRASSI ET AL.



Fig. 2. Predominant role of OCs in the attraction and retainment of T cells at the bone surface. a: Quantification of secreted T cell-attracting chemokines (CCL-2, CCL-3, CCL-4, CCL-5, CCL-11, CXCL-9, CXCL-10, CXCL12, MIF) in cell culture supernatants of OC, MSC, and OB. Data were obtained through a multiplex cytokine assay as detailed in the methods section from six independent experiments for each cell type. Confluent cell cultures were left in culture for 48 h in unstimulated conditions before collecting supernatants. MP < 0.01 OC versus MSC, ~P < 0.01 OC versus OB. b: Adhesion assay: Calcein-labeled T cells were left in adherence with confluent cultures of OC, MSC or OB for 30 min or 1 h in RPMI medium containing 10% FBS, as detailed in the Methods section. MMP < 0.01 OC versus MSC and OB. Data are representative of three experiments. c,d: Photomicrographs showing sequential sections of TRAP positive, multinucleated osteoclasts (c) at the endosteal surface of bone and clusters of CD3-positive T cells in the nearest bone marrow region (arrows in part d). Bone tissue samples were obtained from osteoarthritis patients. Original magnification 200T.



of T cell extended to modulation of apoptosis. T cell apoptosis was analyzed after 3 days in culture with or without PHA stimulation. Figure 5 shows data obtained from Annexin V and PI staining. It highlights the different stages of the T cell path through apoptosis. As shown in Figure 5a, the T cells were prone to a low degree of spontaneous apoptosis (T), leading to nearly 10% total in early (Annexinþ PI) and late (Annexinþ PIþ) apoptotic cells. As expected, PHA-stimulated T cells (T þ PHA) undergo a significant increase in apoptosis over the 3 days in culture as a result of activation-induced cell death, resulting in over twofold increase in the total Annexinþ cells; this increase was observed mainly in the early stage (Annexinþ PI cells), in keeping with the relatively short time of culture in our assay. When T cells are cultured in the presence of OCs, both spontaneous apoptosis (OC þ T) and activation-induced apoptosis (OC þ T þ PHA) are significantly decreased, resulting in an approximate 50% reduction as compared to T and T þ PHA samples, respectively. Figure 5b summarizes the JOURNAL OF CELLULAR PHYSIOLOGY



data obtained for this assay as the average of three experiments by pooling the stages of early and late apoptosis. To investigate the effect of OCs on T cell apoptosis further, we analyzed a later stage of the apoptotic path to death by measuring the level of histon-associated DNA fragments in the cytoplasm of T cells. As shown in Figure 6, consistent with data obtained from Annexin and PI staining, OCs were able to decrease significantly both the baseline levels of DNA fragmentation in T cells and that induced by PHA activation. T cells stimulated with camptothecin (CAM) were included as a positive control.



Discussion



Ever since T cells were found to be a primary source of osteoclastogenic cytokines, OCs have been considered a key target of T cell regulation (Chen et al., 1976). In this paper, we
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Fig. 3. OC blunt T cell proliferation in response to antigen-independent stimuli in a cell–cell contact independent way. Purified T cells were co-cultured for 3 days with confluent OC or MSC in the presence or absence of PHA or anti-CD3 as detailed in the Materials and Methods Section. a,b: CFSE-labeled T cells proliferate in response to PHA (a) or anti-CD3 (b) but are significantly suppressed in the presence of OC. MSC also inhibit T cell proliferation, but to a lower extent than OC. Histograms are obtained from 1 experiment representative of four independent experiments. c: T cell proliferation in co-cultures with OC and MSC measured by 3H-Thymidine incorporation, as reported in the Materials and Methods Section. Graphs are representative of four independent experiments, data are expressed as counts per minute (CPM) MMP < 0.01 OC R T R PHA versus T R PHA, ~~P < 0.01 OC R T R a-CD3/CD28 versus T R a-CD3/CD28 MP < 0.05 MSC R T R PHA versus T R PHA, ~P < 0.05 MSC R T R a-CD3 versus T R a-CD3. d: OC-conditioned medium (OCcm) was added to purified T cells stimulated with PHA or a-CD3 for 48 h; the cells were then pulsed with 3H-Thymidine for an additional 18 h before harvesting. The graphs are representative of three independent experiments, data are expressed as counts per minute (CPM). MP < 0.05 versus T R PHA and T R a-CD3.



report that OCs can, in turn, send regulatory signals to T cells and, at least in vitro, potently suppress T cell response to mitogenic stimuli. Similar to cognate cells arising from a common myeloid precursor, such as dendritic cells, macrophages and microglia, we found OCs to express Class II HLA molecules even in the absence of stimulation, a condition that is typical of professional antigen-presenting cells (APC). Importantly, early papers addressing the subject of OC phenotype did not find any HLA expression in OCs (Athanasou and Quinn, 1990; Doussis et al., 1992) as opposed to macrophage polykaryons; an important difference between those findings and ours is that we analyzed in vitro cultures of OCs grown on plastic, as most investigators do. To our knowledge no data so far are available regarding HLA-DR expression by in vitro cultured OCs. Our findings might imply that a subset of non-resorbing OCs constitutively express HLA-DR and have the ability to engage T cells in an antigen-dependent fashion. Upregulation of key co-stimulatory molecules such as CD40 and CD80 further shows that OCs retain, at least in vitro, features of APCs typical of their JOURNAL OF CELLULAR PHYSIOLOGY



monocytic precursors. Our findings are consistent with a recent paper (Kiesel et al., 2009) that, investigating antigendependent interactions between OCs and T cells, reported that OCs can cross-present antigen to CD8þ T cells, thus inducing up-regulation of FoxP3 and rendering CD8þ T cells unresponsive to antigen-dependent stimulation. In a different experimental setting, our data also suggest that OCs can potently inhibit T cells. In particular, T cells were induced into an anergy-like state where proliferation and cytokine production in response to PHA and a-CD3/CD28 were suppressed, while activation-induced cell death and spontaneous apoptosis were markedly reduced. Interestingly, OC suppression of T cells was more potent than that exerted by MSCs, which have been extensively studied for their immune suppressive properties (Aggarwal and Pittenger, 2005; Nauta and Fibbe, 2007). In particular, data obtained by stimulating T cells in the presence of MSCs were consistent with previous reports in the literature (Krampera et al., 2003; Aggarwal and Pittenger, 2005), showing an approximate 50% suppression of T cell response.
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Fig. 4. T cell production of TNFa and IFNg blunted by OC. Purified T cells were co-cultured for 3 days with or without OC. The cells were harvested, stimulated with PMA and ionomycin as detailed in the Materials and Methods Section, and stained for intracellular cytokine production. The density plots are representative of three independent experiments: parts a–c: TNFa production by CD4R T cells with or without OC, parts d–f: IFNg production by CD8R T cells with or without OC.



Fig. 5. OCs prevent T cell apoptosis. Purified T cells were cultured for 3 days in the presence or absence of PHA (T, T R PHA) with or without OCs (OC R T, OC R T R PHA) as detailed in the Materials and Methods Section. Part a: Representative dot plots showing decreased percentages of total early apoptotic (AnnexinR /PI-) and late apoptotic T cells (AnnexinR/PIR) in the presence of OCs in both unstimulated and PHA-stimulated cells. Part b: The bar graph represents the total percentage of early and late apoptotic cells (AnnexinR/PI plus AnnexinR/PIR cells). The averages of three independent experiments are reported. MP < 0.05 versus T. ~P < 0.05 versus T R PHA.
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Fig. 6. Decreased T cell DNA fragmentation in the presence of OCs. Purified T cells were cultured for 3 days in the presence or absence of PHA (T, T R PHA) with or without OCs (OC R T, OC R T R PHA); histone-associated DNA fragments were detected in the cytoplasmatic fraction of cell lysates as detailed in the Materials and Methods Section. Data are the average of three independent experiments and are expressed as Absorbance readings at 405 nm (MP < 0.01 vs. T, ~P < 0.01 vs. T R PHA). T cells treated with Camptothecin (T R CAM) were used as a positive control for apoptotic DNA fragmentation. Negative control (NEG) was obtained by measuring nucleosomes enrichment in freshly isolated T cells.



Inflammation and bone erosion are often linked in bone diseases (Goldring, 2003). Immune activation and osteoclast differentiation share a number of signaling pathways and regulatory mechanisms (Takayanagi, 2007). For example, the Th17 subset of inflammatory T cells has been shown to provide a key helper function to osteoclast differentiation and bone erosion in rheumatoid arthritis (Sato et al., 2006), thus revealing a close link between the IL23-IL-17 axis and pathological OC differentiation in the disease. However, inflammation is spatially and temporally regulated by feedback inhibitory mechanisms that encompass the induction of T cell anergy and T cell deletion by apoptotic cell death. These regulatory mechanisms are of critical importance in tissues where they prevent excessive tissue damage during inflammation (Van Parijs and Abbas, 1998). Further investigations are necessary to clarify the mechanisms by which OC modulate T cell response. As coculture experiments carried out with OCs grown on bony substrates produced identical results to those of T cell inhibition compared to non-resorbing, plastic cultured OCs (data not shown), we hypothesize that OC-secreted factors might be central to their immunomodulatory properties. Indeed, OCs secrete several cytokines affecting T cell immune response, including different TGFb isoforms (Sandberg et al., 1988; Oursler, 1994). Although our data await confirmation in animal models of erosive bone diseases as well as human diseases, they suggest that areas of extensive bone erosion may be sites of local immune suppression. The clinical implications of these findings may extend to diseases where crosstalk between T cells and osteoclasts plays a central role. For example, OC-derived regulatory signals may provide negative feedback in osteoporosis; here, estrogen depletion results in an initial, rapid phase of bone loss driven, at least in part, by mild-grade T cell activation and increased T cell-derived osteoclastogenic JOURNAL OF CELLULAR PHYSIOLOGY



cytokines in rodents and humans (Cenci et al., 2000; Riggs et al., 2002; Clowes et al., 2005). Importantly, bone marrow T cells might play a prominent role as they undergo an early, tissuespecific activation in ovariectomized mice (Grassi et al., 2007). However, as the number of OCs substantially increases, the rate of bone loss subsides (Riggs et al., 2002), consistent with the hypothesis that OCs may activate mechanisms limiting T cell-dependent bone erosion. One more relevant finding in this paper is that the OC regulation of T cells is largely cell-contact independent and is accompanied by an abundant secretion of T cell-attractant chemokines. Interestingly, OC chemokine release was higher than that produced by other bone cell types like MSCs and OBs. On the whole, these data show the importance of OCs as secretory cells and raise the hypothesis that OCs might be important determinants of the immunological specificity of the bone marrow microenvironment even in physiological conditions (Di Rosa and Pabst, 2005). In agreement with findings by others (Kiesel et al., 2007), here we show that OCs can effectively attract and retain T cells, making it plausible that niches of T cells can form at the bone–marrow interface near areas of intense bone remodeling. Future challenges in this direction include understanding whether the presence of OCs can account for the selective enrichment in T cell subsets observed in the bone marrow when compared to the general circulation (Di Rosa and Pabst, 2005). As more studies show that the contribution of bone marrow T cells to systemic immunity is greater than previously thought (Di Rosa, 2009), mechanisms controlling T cell homing and egress from the bone marrow may become essential to set new therapeutic targets and to understand better the mutual regulation of bone cells and T cells. In conclusion, this study first demonstrates that OCs have the ability to attract and retain T cells, and can potently suppress antigen-independent T cell response to mitogenic stimuli in vitro. This provides a novel link between bone and the immune system and extends the notion that OCs can play regulatory roles other than resorbing bone; furthermore, OC-derived secreted molecules might be conceivable targets in strategies aiming to modulate the bone marrow immunological microenvironment. Literature Cited Aggarwal S, Pittenger MF. 2005. Human mesenchymal stem cells modulate allogeneic immune cell responses. Blood 105:1815–1822. Athanasou NA, Quinn J. 1990. Immunophenotypic differences between osteoclasts and macrophage polykaryons: Immunohistological distinction and implications for osteoclast ontogeny and function. J Clin Pathol 43:997–1003. Calvi LM, Adams GB, Weibrecht KW, Weber JM, Olson DP, Knight MC, Martin RP, Schipani E, Divieti P, Bringhurst FR, Milner LA, Kronenberg HM, Scadden DT. 2003. Osteoblastic cells regulate the haematopoietic stem cell niche. Nature 425:841–846. 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. Chen P, Trummel C, Horton J, Baker JJ, Oppenheim JJ. 1976. Production of osteoclastactivating factor by normal human peripheral blood rosetting and nonrosetting lymphocytes. Eur J Immunol 6:732–736. Clowes JA, Riggs BL, Khosla S. 2005. The role of the immune system in the pathophysiology of osteoporosis. Immunol Rev 208:207–227. Di Rosa F. 2009. T-lymphocyte interaction with stromal, bone and hematopoietic cells in the bone marrow. Immunol Cell Biol 87:20–29. Di Rosa F, Pabst R. 2005. The bone marrow: A nest for migratory memory T cells. Trends Immunol 26:360–366. Doussis IA, Puddle B, Athanasou NA. 1992. Immunophenotype of multinucleated and mononuclear cells in giant cell lesions of bone and soft tissue. J Clin Pathol 45:398–404. Goldring SR. 2003. Inflammatory mediators as essential elements in bone remodeling. Calcif Tissue Int 73:97–100. Grassi F, Piacentini A, Cristino S, Toneguzzi S, Cavallo C, Facchini A, Lisignoli G. 2003. Human osteoclasts express different CXC chemokines depending on cell culture substrate: Molecular and immunocytochemical evidence of high levels of CXCL10 and CXCL12. Histochem Cell Biol 120:391–400. Grassi F, Page K, Qian W, Weitzmann MN, Pacifici R. 2005. Ovariectomy, increase the formation of T cell niches at the resorption surfaces. J Bone Miner Res 20:S94. Grassi F, Tell G, Robbie-Ryan M, Gao Y, Terauchi M, Yang X, Romanello M, Jones DP, Weitzmann MN, Pacifici R. 2007. Oxidative stress causes bone loss in estrogen-deficient mice through enhanced bone marrow dendritic cell activation. Proc Natl Acad Sci USA 104:15087–15092.
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