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  Abstract (181 words) BLyS and APRIL share two receptors – TACI and BCMA – and BLyS binds to a third receptor, BAFF-R. We previously reported that TACI gene expression is a good indicator of a BLyS-binding receptor in human multiple myeloma cell lines (HMCLs), unlike BCMA, which is expressed by all HMCLs or BAFF-R which is typically not expressed by late-stage B cells. We hypothesized a link between APRIL and TACI through syndecan-1, similar to the situation reported for FGF and FGFR. We observed very strong binding of APRIL, but not BLyS, at the surface of all syndecan-1+ HMCLs and primary multiple myeloma cells (MMC). All syndecan-1+ HMCLs and MMC could also bind TACI-Fc, but not BCMA-Fc or BAFF-R-Fc molecules. Binding of APRIL or TACI-Fc was abrogated by heparin or cell pre-treatment with heparitinase, which cleaves heparan sulfate chains. The growth factor activity of APRIL on MMC was also inhibited by heparin. Our data identify syndecan-1 as a co-receptor for APRIL and TACI at the cell surface of MMC, promoting the activation of an APRIL/TACI pathway that induces survival and proliferation in MMC.     
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Introduction  Multiple myeloma (MM) is a fatal plasma cell neoplasia associated with anaemia, osteolytic bone lesions and renal failure. This disease still remains incurable, despite major treatment improvements including high-dose chemotherapy and stem cell transplantation, Velcade®, thalidomide and thalidomide derivatives as Lenalidomide® [1]. Several growth factors are involved in the growth and survival of multiple myeloma cells (MMC): interleukin 6 (IL-6) and its agonist soluble IL-6 receptor [2; 3], insulin like growth factor-1 (IGF-1) [4], hepatocyte growth factor (HGF) [5], interferon alpha [6], members of the epidermal growth factor (EGF) family [7; 8], IL-10 [9], tumour necrosis factor (TNF) [10], the wnt family [11], B-cell activating factor of the TNF family (BLyS) and a proliferation-inducing ligand (APRIL) [12; 13].  APRIL and BLyS are two members of the TNF family that bind to the TNFR-like receptors TACI (transmembrane activator and calcium modulator and cyclophilin ligand interactor) and BCMA (B-cell maturation antigen). BLyS also binds to BAFF receptor (BAFF-R) [14]. Using Affymetrix microarrays, we previously demonstrated that the TACI and BCMA genes were over-expressed in MMC compared with their normal counterparts [13]. BLyS is involved in the survival of normal and malignant B cells and normal plasmablasts. APRIL is highly expressed in various tumours and stimulates the growth of tumour cells [15]. In patients with MM, BLyS and APRIL are mainly produced by the bone marrow microenvironment, in particular myeloid cells, monocytes and osteoclasts [16]. BLyS and APRIL are growth factors for MMC in vitro [12; 13] but also in an in vivo murine model [17]. The activation of nuclear factor (NF)-κB by TACI, BCMA and BAFF-R [18] is consistent with the anti-apoptotic role of BLyS, as NFκB enhances the expression of several cell survival genes [19; 20]. Depending on the B-cell maturation stage, BLyS has been reported to induce the anti-apoptotic proteins Bcl-2, A1, and Bcl-XL and to reduce the pro-apoptotic protein Bak [18; 21; 22]. BLyS also activates Jun N-terminal kinase (JNK), Elk-1, p38 kinase, AP-1 and NF-AT in various models [14]. In MMC, BLyS and APRIL activate MAPK, PI3K/AKT and NFκB pathways, leading to an up-regulation of Mcl-1 and Bcl-2 anti-apoptotic proteins [13]. 
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Recently, Tai et al. have shown that MMC express BCMA and TACI, but very low levels of BAFF-R [23]. They demonstrated that BLyS induces the activation of NFκB and PI3K/AKT pathways, confirming our previous results [13]. Furthermore, this group showed that BLyS could activate the canonical and the non-canonical NFκB pathways in MMC. Of note, several genes coding for NFκB pathway proteins are abnormal in MMC of 20% of the newly-diagnosed patients, leading to hyper-activation of the NFκB pathway [24; 25]. In particular, an amplification of the TACI gene was reported in some MMC leading to NFκB pathway up-regulation [24; 25]. Ingold et al. and Hendriks et al. have demonstrated that APRIL can bind to heparan sulfate (HS) chains and this binding can be inhibited by heparin [26; 27]. This may explain why APRIL can bind cell lines that do not express BCMA or TACI, by binding to a cell-surface proteoglycan (PG) with HS chains. B-cell lymphomas also bind high levels of neutrophil-secreted APRIL via surface PGs, and high expression of APRIL in the tumour lesions correlates with B-cell lymphoma aggressiveness [28]. Binding of APRIL to HS chains occurs via the lysine-rich region in its N-terminal portion, which leaves its TNF-like region free to interact with the BCMA and TACI receptors. Of note, TACI-Fc binds also to HS chains, in particular to syndecan-1, syndecan-2 and syndecan-4 [29].  Syndecan-1 is involved in numerous interactions with extracellular matrix proteins, growth factors, chemokines and adhesion molecules through its HS chains [30]. In the bone marrow, syndecan-1 is expressed by normal plasma cells and is highly expressed by the majority of malignant plasma cells in patients with MM [31]. We have recently demonstrated that syndecan-1 is essential for myeloma cell growth factor (MGF) activity of EGF-family members [32] and the same holds true for HGF MGF activity [5]. In the present study, we demonstrate that MMC can bind high amounts of APRIL and soluble TACI through cell surface syndecan-1, and that this binding to syndecan-1 is critical for APRIL myeloma cell growth and survival.  
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Materials and methods  Cell samples XG-1, XG-2, XG-3, XG-4, XG-5, XG-6, XG-7, XG-10, XG-11, XG-12, XG-13, XG-16, and XG-20 human myeloma cell lines (HMCLs) were obtained from patients with extramedullary disease in our laboratory [33; 34]. SKMM, OPM2, LP1, L363 and RPMI8226 HMCLs were purchased from ATTC (Rockville, MD). Primary MMC were purified from patients with MM at diagnosis, after written informed consent was given, as indicated [8].  BCMA, TACI and BAFF-R expression The expression of BCMA, TACI and BAFF-R at the cell surface of HMCLs was determined via fluorescence-activated cell sorting (FACS) analysis using biotinylated anti-BCMA, anti-TACI, anti-BAFF-R monoclonal antibodies (MoAbs) (provided by ZymoGenetics Inc., Seattle, WA), biotynilated isotype-matched control MoAb (Beckman-Coulter; Marseilles, France), and phycoerythrin-conjugated streptavidin (PE-streptavidin, Beckman-Coulter). BCMA, TACI and BAFF-R expression on primary MMC was determined using a double labelling with a fluorescein isothiocyanate (FITC)-conjugated anti-CD138 MoAb [35], biotinylated anti-BCMA, anti-TACI, anti-BAFF-R MoAb, or isotype-matched control MoAb and PE-streptavidin.  Proliferation assay HMCLs were IL-6 starved for 3 hours and cultured for 4 days in 96-well, flat-bottomed microtitre plates at 104 cells per well in RPMI 1640 medium with 5% fetal calf serum, with or without IL-6 (3 ng/mL; Peprotech, Rocky Hill, NJ), BLyS (200 ng/mL; Peprotech) or APRIL (200 ng/mL; R&D Systems, Abingdon, United Kingdom) in the presence or absence of dexamethasone (DEX, 10-6 M) and heparin (4 IU/ml). We used a growth assay to assess cell numbers at the end of the culture by quantifying intracellular adenosine triphosphate amounts with the Cell Titer Glo® Luminescent Assay (Promega Corporation, Madison, USA). 
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The luciferase measurement was done by a Centro LB 960 luminometer (Berthold Technology, Germany).   Detection of growth factor/growth factor receptor binding by FACS Cells were incubated with 1 µg/mL of APRIL or BLyS for 1 hour at 37°C and washed twice in phosphate-buffered saline before incubation with biotinylated anti-BLyS (provided by ZymoGenetics Inc., Seattle, WA), anti-APRIL (Peprotech, Rocky Hill, NJ) or isotype-matched control, antibodies and PE-streptavidin. Cells were also incubated with TACI-Fc, BCMA-Fc, BAFF-R-Fc or control human immunoglobulin (Ig) (R&D Systems) and then with biotinylated anti-TACI, anti-BCMA or anti BAFF-R MoAbs or biotinylated isotype-matched control MoAbs and PE-streptavidin. The fluorescence was determined using a FACSCalibur™ fluorescence activated cytometer (Becton Dickinson; San Jose, CA). To specifically inhibit binding between HS chains and growth factors, added APRIL, BLyS, TACI-Fc, BCMA-Fc or BAFF-R-Fc were pre-incubated with 4 IU/ml heparin for 1 hour at 37°C. To cleave the HS chains, MMC were pre-treated with 10 mU/ml heparitinase (Sigma; St Louis, MO) for 1 hour at 37°C. Binding of BLyS or APRIL at the surface of primary MMC was detected after incubation of MMC with APRIL, BLyS, TACI-Fc, BCMA-Fc or BAFF-R-Fc using a double labelling with a FITC-conjugated anti-CD138 MoAb and biotinylated anti-BLyS, anti-APRIL, anti-TACI, anti-BCMA or anti-BAFF-R MoAbs and PE-streptavidin.  Real-time reverse transcriptase polymerase chain reaction Total RNA was converted to cDNA using the Superscript™ II reverse transcriptase (RT; Invitrogen, Cergy Pontoise, France). The Assays-On-DemandTM primers and probes, and the TaqMan® Universal Master Mix were used according to the manufacturer’s instructions (Applied Biosystems, Courtaboeuf, France). Measurement of gene expression was performed using the ABI Prism® 7000 Sequence Detection System. Quantitative polymerase chain reaction (PCR) analysis was completed using ABI Prism® 7000 SDS Software. For each primer, serial dilutions of a standard cDNA were amplified to create a standard curve, 
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and values of unknown samples were estimated relative to this standard curve in order to assess the PCR efficiency. Threshold cycle (Ct) values were collected for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and the genes of interest during the log phase of the cycle. Gene-of-interest levels were normalized to GAPDH for each sample (δCt = Ct gene of interest – Ct GAPDH) and compared with the values obtained for a known positive control using the following formula: 100/2δδCt where δδCt = δCt unknown – δCt positive control.  Statistical analysis Statistical significance was tested using a non-parametric Wilcoxon test for pairs or a Student’s t test for pairs.  
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Results  Expression of specific BLyS/APRIL receptors on myeloma cells FACS analysis of 16 HMCLs demonstrated that none of these lines express cell-surface BAFF-R, whereas BAFF-R is expressed on the Raji B-cell line (Figure 1). In agreement, a 100 to 1000 lower BAFF-R gene expression was found in HMCLs (0.1 to 1 arbitrary units) compared with Raji B cells (100 arbitrary units) (supplementary data Figure S1). All HMCLs express BCMA on their surface (Figure 1). We showed previously using Affymetrix microarrays [16] that all of these HMCLs express BCMA gene, and this was confirmed here by real-time RT-PCR (supplementary data Figure S1). TACI protein can be detected on seven out of the 16 HMCLs (Figure 1). The TACI-negative HMCLs were previously shown to express no TACI gene using Affymetrix microarrays and real-time RT-PCR [16].  Expression of non-specific APRIL receptor on myeloma cells Since APRIL binding can be observed on the surface of tumour cell lines that do not express the BLyS/APRIL receptors TACI or BCMA [15; 36], we looked for the binding of APRIL at the surface of MMC. Strong APRIL binding could be detected on all 15 syndecan-1+ HMCLs, including TACI+ or TACI- HMCLs. The mean fluorescence intensity (MFI) of labelling with APRIL-anti-APRIL MoAb ranged between 500 and 2000, i.e. 100-fold brighter than the labelling with BLyS-anti-BLyS MoAb on TACI+ HMCLs. Data for 10 HMCLs are shown in Figure 2a. Only the syndecan-1- XG-10 HMCL bind APRIL weakly with MFI of 10, 10 to 100-fold lower than those of syndecan-1+ HMCLs. This strong APRIL binding was abrogated by pre-treatment of APRIL with heparin, with a dramatic inhibition already observed with 0.1 U/mL of heparin (Figure 2b). APRIL binding was also inhibited by pre-treatment of HMCLs with heparatinase from Flavobacterium heparinum that cleaves the HS side chains of heparan sulfate proteoglycans (HSPG) (Figure 2c). In these heparatinase-treated cells, a weak APRIL binding could still be detected, likely due to binding to specific BCMA and/or TACI receptors. Weak BLyS binding could be detected only on TACI+ HMCLs, unlike TACI- 
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HMCLs that all expressed membrane BCMA (Figure 2a), in agreement with our previous findings [16]. The weak binding of BLyS on TACI+ HMCLs was not affected by heparin (Figure 2d). Thus, syndecan-1+ HMCLs express HSPG able to bind a very large number of APRIL molecules, but not BLyS molecules [26; 27]. As previously suggested by our group, this HSPG is likely syndecan-1, as of the 10 known HSPG, syndecan-1 is the major PG with HS chains expressed by MMC [32].  Differential binding of TACI, BAFF-R and BCMA to syndecan-1 As it was recently pointed out that TACI itself can bind syndecan HS [29], we investigated whether this is true also for syndecan-1+ MMC. All syndecan-1+ HMCLs bind TACI-Fc fusion protein (100% labelling with MFI ranging from 20 to 1500). Data for 3 HMCLs are shown in Figure 3a. This TACI-Fc binding was abrogated by heparin pre-treatment or by pre-treatment of MMC with heparatinase (Figure 3a). No binding of BCMA-Fc or BAFF-R-Fc molecules to HMCLs could be detected (Figure 3b).   Growth factor activity of APRIL and BLyS To demonstrate that the interaction of APRIL with syndecan-1 is important for its MGF activity, we used heparin as a competitor of HS chains in HMCL proliferation assays. We first used the XG-1 HMCL, whose growth is stimulated by APRIL, and showed that this stimulation is abrogated by a TACI-Fc fusion protein (Figure 4a). Heparin also abrogated the growth factor activity of APRIL in agreement with APRIL HSPG binding activity. Neither TACI-Fc nor heparin blocks the growth factor activity of IL-6 on XG-1 cells (Supplementary data Figure S2). BLyS had no growth-promoting activity on the TACI- XG-1 HMCL, in agreement with the lack of binding of BLyS already documented in this TACI- HMCL [16] and as in Figure 2a. BLyS or APRIL can protect MMC from the apoptosis induced by DEX, a potent drug for MM treatment [13]. As indicated in Figure 4b, DEX induced apoptosis in the TACI+ L363 and LP1 HMCLs. Both BLyS and APRIL significantly protected the L363 (P=.0001 and P=.01; n=5, respectively) and LP1 (P=.0001 and P=.003; n=5, respectively) 
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HMCLs from DEX-induced apoptosis (Figure 4b). TACI-Fc abrogated the protective effect of BLyS and APRIL, and heparin abolished that of APRIL, but not that of BLyS (Figure 4b).   Expression of BLyS/APRIL receptors on primary MMC We tested primary MMC of 22 consecutive newly-diagnosed patients with MM for membrane expression of the three BLyS APRIL receptors and their ability to bind a BLyS-murineCD8 fusion protein (Table 1). Using anti-receptor MoAbs and FACS analysis, BCMA, TACI and BAFF-R were detected on primary MMC of 19, 15 and 17 out of 22 patients, respectively (Table 1). Binding of the BLyS-murineCD8 fusion protein was detected in 12/22 patients. As reported previously [16; 37], BLyS-murineCD8 binding to primary MMC strongly correlated with TACI expression (r=.9, P<.01). The correlation coefficients between BCMA or BAFF-R expression and BLyS-murineCD8 labelling were r=.6 (P<.01) and r=.7 (P<.01), respectively. TACI and BCMA expression (r=.7; P<.01) and TACI and BAFF-R (r=.5; P<.05) were significantly correlated, whereas no correlation was found between BCMA and BAFF-R expression. As reported for HMCLs, strong binding of APRIL was found on primary MMC of five newly diagnosed patients (Figure 5a). The MFI ranged from 1000 to 5000. In comparison, BLyS weakly bound to primary TACI+ MMC with a MFI that was 10- to 100-fold lower (Figure 5b). A subset of primary MMC also bound TACI-Fc molecules, but did not bind BCMA-Fc or BAFF-R-Fc (Figure 5c).           
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Discussion Given the important role of BLyS and APRIL as MGFs [12; 13; 17], we investigated the expression of their receptors on HMCLs and MMC. We found that MMC variably expressed the three specific receptors – BCMA, BAFF-R and TACI – and expressed syndecan-1 as a co-receptor for APRIL and TACI, but not for BCMA, BLyS, or BAFF-R. BCMA was expressed by virtually all MMC, including those of 19/22 newly-diagnosed patients and of 16/16 HMCLs. This is in agreement with data in mice showing that BCMA is mandatory for plasma cell differentiation [38]. Indeed, a knockout of the BCMA gene abrogated plasma cell generation, unlike knockouts of the BAFF-R or TACI genes [38]. Regarding BAFF-R, we confirmed and extended our previous real time RT-PCR data showing a lack of BAFF-R RNA and protein in 16/16 HMCLs. However, by contrast, BAFF-R was found to be expressed by primary MMC of 17/22 patients (Table 1). There are two possible explanations for this discrepancy. First, HMCLs are obtained from a small number of patients with extramedullary proliferation [39] in whom BAFF-R expression could be lost on MMC. BAFF-R expression may be dispensable for HMCLs growth in vitro but may be necessary for MMC growth in vivo. Another explanation is that the bone marrow tumour environment might trigger BAFF-R in primary MMC. This is unlikely because we failed to induce BAFF-R expression by incubating HMCLs together with bone marrow cells from patients with MM (results not shown). Regarding the TACI receptor, we previously reported that TACI gene expression is clear cut in HMCLs, being either present or absent using real time RT-PCR or Affymetrix microarrays [37]. This was confirmed by staining HMCLs with anti-TACI MoAb. TACI gene expression was less clear cut in primary MMC, as TACI was expressed in MMC from all patients tested [16], and TACI protein was detected in primary MMC of 15/22 patients. Using HMCLs, we found that the ability to bind CD8-BLyS was related to TACI expression in seven of 16 HMCLs [16; 37]. We can exclude here a previous hypothesis suggesting a possible retention of BCMA in the Golgi apparatus [40] as all HMCLs expressed membrane BCMA. The lack of binding of BLyS on BCMA+/TACI- HMCLs might be explained by the 1000-fold reduced affinity of BLyS for BCMA compared with that 
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of APRIL [41]. In primary MMC, BLyS binding was also strongly correlated with TACI protein expression, and more weakly correlated with expression of BAFF-R. Thus the present data indicate that although BCMA is expressed at the cell surface of MMC, it is unable to bind BLyS trimers with a sufficient affinity, which may explain the lack of BLyS activity on BCMA+ TACI- HMCLs. Regarding, BCMA, TACI and BAFF-R expression using the University of Arkansas School of medical Sciences data set (TT2 cohort of 345 patients), BCMA had a “present” Affymetrix call in 345/345 of primary MMC investigated, TACI in 273/345 and BAFF-R had an “absent” Affymetrix call in 345/345 of primary MMC investigated. We looked for a prognostic relevance of BCMA or TACI expression. We considered subgroup defined by 50% of the patients with the highest or lowest BCMA or TACI expression in MMC. Neither BCMA nor TACI expression were associated with prognosis in this large cohort of patients (data not shown). In contrast to Blys, APRIL induced proliferation of BCMA+/TACI- HMCLs. This observation is substantiated by the observed strong binding of APRIL to both HMCLs and primary MMC, with a MFI ranging from 500 to 5000 for the HMCLs and primary MMC. APRIL binding was mediated through a HSPG, since it is abrogated by heparitinase pre-treatment of cells, in agreement with previous studies [26; 27]. Similar findings were described for HGF [5] or HS-binding EGF family members [32]. Regarding HS-binding EGF members, MFI (1000-5000) similar to that of APRIL were obtained, and we determined that several hundred thousand EGF molecules bound to a MMC cell membrane via a HSPG. Syndecan-1 is the major PG with HS chains expressed by MMC, as other HSPG, including glypican family members and syndecan-2, -3 and -4 were not expressed or expressed at a lower level by most MMC samples [32]. We therefore speculate that MMC can bind several hundred thousand APRIL molecules through syndecan-1 as this was estimated previously for amphiregulin or HB-EGF binding to MMC [42].  The importance of syndecan-1 in promoting APRIL activity is reinforced by the observation that MMC also largely bound soluble TACI-Fc through syndecan-1, but did not bind BAFF-R-Fc or BCMA-Fc. Although binding of membrane-bound TACI, was not shown 
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in this study, Bischof et al. demonstrated selective activation of TACI by syndecan-1, -2 and 4. In the case of fibroblast growth factor (FGF), syndecan-1 can simultaneously bind both FGF and its receptor, thus facilitating binding of FGF to its specific receptor [43; 44]. Thus our present findings emphasize that syndecan-1 can confer a specific bridge to mediate an APRIL-TACI loop in the biology of MMC. This is consistent with the finding that primary MMC which highly express TACI (TACIhigh) have a gene signature indicative of an interaction with the bone marrow environment, whereas TACIlow MMC have a bone marrow-independent plasmablastic gene signature [16]. This characteristic was not found for BCMAhigh MMC and BCMAlow MMC, and was kept in HMCLs [37]. APRIL is not produced by the actual primary MMC, but rather by the bone marrow environment, including monocytes and osteoclasts [16]. Thus we postulate the existence of a three-way interaction in the bone niche that includes osteoclasts, osteoblasts and mesenchymal cells. In this scenario, APRIL is largely produced by osteoclasts [16; 45], is captured by soluble and membrane syndecan-1 HS chains through the lysine-rich region in the N-terminal portion of APRIL, and is then presented to the TACI receptor, which also binds syndecan-1 HS chains. In support of this theory, we have also shown that osteoclasts express heparanase [46], which can cleave HS chains into bioactive 10–20 polysaccharides that can enable the presentation of APRIL to TACI.  Our observation is further supported by the recent results of Yaccoby et al., who demonstrated that TACI-Fc inhibits growth of TACIhigh MMC in MMC/osteoclasts co-cultures [17]. Furthermore, they showed that TACI-Fc treatment markedly reduced the growth of TACIhigh primary MMC in SCID-Hu xenografted mice. In contrast, treatment with BAFF-R-Fc, which binds BLyS but not APRIL, did not significantly inhibit the growth of MMC in vivo [17]. Taken together, the data indicate that the concentration of APRIL and TACI at the MMC cell membrane in close proximity with syndecan-1 defines an APRIL/TACI signalling loop that apparently plays an essential role in MM biology.    Regarding the signalling pathway involved in this process, we and others have shown that BLyS and APRIL can strongly activate the canonical [13] as well the non 
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canonical NF-κB pathways [47; 48]. By comparison, IL-6 or IGF-1 only slightly activate the NF-κB pathways. Our current findings demonstrating the importance of syndecan-1 in APRIL/TACI signalling are reinforced by two recent studies describing a promiscuous array of genetic alterations yielding to activation of NF-κB pathway in approximately 20% of MM patients and 41% of HMCLs [24; 25]. These alterations include overexpression and/or gain-of-function mutations in NIK, NFKB2, NFKB1, CD40, LTBR and TACI, all genes coding for proteins activating the NF-κB pathway. These alterations also include inactivating abnormalities of TRAF3, cIAP1, cIAP2, CYLD and TRAF2, which are negative regulators of NF-κB. These two studies disagree on whether the canonical or non canonical NF-κB pathways are predominantly dysregulated. Of note, Annunziata et al. [24] clearly demonstrated that activation of NIK affected both the canonical and non canonical pathways. In addition, Keats et al reported that DEX was poorly efficient compared to bortezomib in patients with NF-κB alterations whereas both therapies were efficient in other patients[25]. Thus, we speculate that in the patients with NF-κB alterations, there is an increased activation of the NF-κB pathway, possibly through osteoclast- and monocyte-produced-APRIL that is heavily concentrated at a large concentration at the surface of MMC through its interaction with syndecan-1 HS chains. These observations underscore the potential value of using BLyS/APRIL inhibitors in the treatment of at least a subset of patients with MM. We recently completed a phase I-II clinical trial of Atacicept (formerly known as TACI-Fc5), which demonstrated the feasibility and safety of BLyS/APRIL targeting in MM and Waldenstrom’s macroglobulinemia patients [49]. It may further prove interesting to combine BLyS/APRIL inhibitors with NF-KB inhibitors [50] in patients with NF-κB alterations. In addition, low molecular weight heparin injections favourably influence the survival in patients with advanced epithelial malignancies, whose tumor cells largely express syndecan [51]. Thus APRIL signaling should be considered as a potential target for a combination of specific BAFF/APRIL inhibitor and heparin. 



Moreaux et al. 

 15 

Acknowledgements This work was supported by grants from the Ligue Nationale Contre le Cancer (équipe labellisée 2009), Paris, France, from INCA (n°R07001FN) and from MSCNET European strep (N°E06005FF).  Author contributions JM designed research, performed the experiments and wrote the paper.  EJ and JFR collected bone marrow samples and clinical data.  ACS, KM, MJ, PM and NR participated in some of the experiments. AY and SRD provided reagents and reviewed the paper. BK is the senior investigator who designed research and wrote the paper.   



Moreaux et al. 

 16 

Table 1: Ability of MMC to bind recombinant BLyS and expression of BCMA, TACI and BAFF-R on primary MMC. BLyS binding was determined using a double labelling of primary MMC with a FITC-conjugated anti-CD138 MoAb, human BLyS-muCD8 biotinylated fusion protein and PE-streptavidin. BCMA, TACI and BAFF-R expression was determined using a double labelling of primary MMC with a FITC-conjugated anti-CD138 MoAb, biotinylated anti-BCMA, anti-TACI or anti-BAFF-R MoAb, and PE-streptavidin. The background fluorescence was determined with biotinylated isotype-matched control MoAbs and set at a MFI of 3–8. A percentage ≤ 5% was considered negative.   Reference for patients with newly-diagnosed MM CD8-BLyS binding  (%) BCMA expression  (%) TACI expression  (%) BAFF-R expression  (%) 1 ≤5 39 ≤5 ≤5 2 ≤5 35 ≤5 22 3 54 95 87 9 4 ≤5 9 ≤5 21 5 87 56 95 71 6 ≤5 ≤5 ≤5 ≤5 7 5 55 10 6 8 ≤5 18 ≤5 40 9 ≤5 20 33 13 10 33 22 31 66 11 ≤5 14 14 14 12 7 ≤5 5 ≤5 13 10 38 11 11 14 28 78 85 9 15 ≤5 79 8 28 16 27 31 20 69 17 ≤5 ≤5 ≤5 ≤5 18 96 95 89 99 19 ≤5 33 9 12 20 88 79 98 98 21 13 24 ≤5 ≤5 22 15 18 15 60  
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 Figure Legends  Figure 1. Cell membrane and gene expression of TACI, BCMA and BAFF-R by HMCLs: Cell surface expression of TACI, BCMA and BAFF-R was determined by flow cytometry using biotinylated anti-TACI, anti-BCMA or anti-BAFF-R MoAb, and PE-streptavidin. The Raji cell line was used as a control. Open histograms show the staining obtained with anti-TACI, anti-BCMA or anti-BAFF-R MoAbs. Black histograms represent the fluorescence signal obtained with the control MoAb.   Figure 2. Strong binding of APRIL at the cell membrane of HMCLs through HS chains: (a) Binding of APRIL or BLyS at the cell membrane of 10 HMCLs (5 TACI+ HMCLs and 5 TACI- HMCLs) was determined by flow cytometry. Cells were incubated with 1 µg/mL of APRIL or BLyS, washed and then labelled with a biotinylated anti-APRIL or anti-BLyS MoAb and PE-streptavidin. Open histogram shows the fluorescence intensity with anti-APRIL or anti-BLyS MoAb. Black histogram indicates the staining obtained from the control MoAb; (b) To demonstrate the involvement of HS chains in APRIL binding, APRIL was pre-incubated with graded concentrations of heparin and APRIL binding to L363 HMCL was assessed by flow cytometry. Open histograms show the fluorescence intensity with the anti-APRIL MoAb and black histograms show that obtained with the control MoAb; (c) APRIL was pre-incubated with 4 IU/mL of heparin before assaying its binding to HMCLs. MMC were also pre-treated with 10 mU/ml heparatinase from Flavobacterium heparinum which specifically cleaves the HS chains, and the binding of APRIL to HMCLs was analysed. Open histograms show the fluorescence intensity obtained with the anti-APRIL MoAb and black histograms show that obtained with the control MoAb; (d) BLyS was first pre-incubated with 4 IU/mL of heparin before assaying its binding to HMCLs using a biotinylated anti-BLyS MoAb and PE-streptavidin. Open histogram shows the fluorescence intensity obtained with the anti-BLyS MoAb and black histogram shows that obtained with a control MoAb.    Figure 3. Binding of TACI at the surface of HMCLs through HS chains: (a) TACI-Fc (1 
µg/mL) were pre-incubated with 4IU/ml heparin before assaying its binding on HMCLs. MMC were also pre-treated with 10 mU/ml heparatinase to cleave the HS chains before assaying binding of TACI-Fc. Open histogram shows the fluorescence obtained with TACI-Fc and the black histograms show those with control Fc; (b) Binding of BCMA-Fc and BAFF-R-Fc fusion proteins at the surface of HMCLs was determined by flow cytometry. Cells were incubated with 1 µg/mL of BCMA-Fc or BAFF-R-Fc or control human Ig before incubation with anti-
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BCMA or anti-BAFF-R MoAbs. The open histograms indicate the fluorescence obtained with BCMA-Fc or BAFF-R-Fc molecules and the black histograms show those with control Ig.  Figure 4. Growth factor activity of BLyS and APRIL: (a) XG-1 HMCL was IL-6 starved for 3 hours and cultured without cytokine, or in the presence of BLyS (200 ng/ml) or APRIL (200 ng/ml), with or without TACI-Fc (10 µg/ml) or heparin (4 IU/ml). Results are the mean (± SD) values of the RLU luminescence determined on sextuplet culture wells. Results shown are representative of five independent experiments. *The mean value is statistically significantly different from that obtained without cytokine (control) using Student’s t-test (p≤.05). **The mean value is statistically significantly different from that obtained with APRIL stimulation using Student’s t test (p≤.05); (b) L363 and LP1 HMCLs were cultured in the presence of DEX (10-6 M) with or without IL-6 (3 ng/ml), or of BLyS (200 ng/ml) or APRIL (200 ng/ml) with or without TACI-Fc (10 µg/ml) or heparin (4 IU/ml). Results are the mean (± SD) values of the RLU fluorescence determined on sextuplet culture wells. Results shown are representative of five independent experiments. * The mean value is statistically significantly different from that obtained without DEX (control) using Student’s t-test (p≤.05). ** The mean value is statistically significantly different from that obtained with DEX treatment using Student’s t-test (p≤.05).   Figure 5.  Expression of BLyS/APRIL receptors on primary myeloma cells: (a–b) Binding of APRIL or BLyS at the surface of primary MMC of five patients was determined by flow cytometry. Cells were incubated with 1 µγ/mL of APRIL or BLyS, washed and the binding of ligand was determined with a double labelling of primary MMC with an anti-CD138 and an anti-APRIL MoAb or with an anti-CD138 and an anti-BLyS MoAb; (c) Binding of TACI-Fc, BCMA-Fc and BAFF-R-Fc fusion proteins at the surface of primary MMC was determined by flow cytometry. Cells were incubated with 1 µg/mL of TACI-Fc, BCMA-Fc or BAFF-R-Fc or a control human Ig before double labelling of primary MMC with an anti-CD138 MoAb and an anti-TACI, anti-BCMA or anti-BAFF-R MoAb.           
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