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HLA-B27 alters BMP/TGFβ signalling in Drosophila, revealing putative pathogenic mechanism for spondyloarthritis
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Introduction

The class I major histocompatibility complex (MHC-I) allele encoding HLA-B27 is the main genetic factor predisposing to ankylosing spondylitis (AS) and the related spondyloarthritis (SpA). This is a group of frequent disabling diseases primarily characterized by chronic inflammation of the axial skeleton, leading to bony ankylosis of the sacroiliac and vertebral joints. [1] Strong association between AS and HLA-B27 was first described 46 years ago [2] but still remains largely unexplained.

Upon synthesis, MHC-I heavy chain enters the endoplasmic reticulum (ER) where it associates non-covalently with both the invariant h 2m chain and a 8 to 10-mer peptide before being exported to the cell surface via the Golgi apparatus. [3] The canonical function of HLA-B molecules is to present antigenic peptides derived from cytosolic proteins to CD8+ T cells, leading to a cytotoxic response. [4] Accordingly, one of the oldest theories that was proposed to explain HLA-B27 pathogenicity, also designated as the "arthritogenic peptide" hypothesis, speculates on the capacity of this molecule to specifically present as yet undetermined antigenic peptide(s) derived from the joint, thereby triggering a harmful CD8+ T cell-mediated response. [5] However, convincing evidence supporting the implication of such mechanism is still lacking. Other theories have emerged more recently, based on non-canonical biological features of HLA-B27. These include the formation of homodimers of HLA-B27 heavy chains at the cell surface, interacting with killer immunoglobulin-like receptors expressed on CD4+ T cells and natural killer cells. [4] Alternatively, failure of HLA-B27 to fold properly during its assembly may lead to an ER stress response, thereby fostering chronic inflammation. [6] However, none of these hypotheses has been fully proven yet.

Drosophila melanogaster is an invaluable system to understand complex molecular mechanisms. [7] Indeed, many cellular signaling pathways and functions are conserved between mammals and Drosophila. Here, we speculated that this simple experimental live system could be suitable to unravel aberrant functional consequences of HLA-B27/h 2m expression, that could contribute to its pathogenicity.

Methods

Drosophila lines. Drosophila were cultured using standard corn-agar medium. Crosses were performed at 25°C. Various GAL4 drivers used to induce transgenes expression and origin of the stocks are described in Supplementary Table 1.

Transgenic lines constructs. Flies carrying the cDNA of either HLA-B*27:04, HLA-B*27:05, HLA-B*07:02, or hβ2m, under control of UAS regulatory sequences that can be bound by the yeast GAL4 transcription factor to direct tissue-specific expression were generated by P-element transgenesis. [8] Human cDNAs containing the full-length coding region have been previously described. [9] They were ligated in the pUASg-attB vector (Gateway® Technology). The resulting plasmids were purified with Qiagen tips and sent for injection into w 1118 embryos (BestGene Inc, California, USA). UAS-HLA-B*07:02, UAS-HLA-B*27:05, and UAS-HLA-B*27:04 transgenes were all inserted as single copy in the same predefined site (68A4 of chromosome 3) allowing to control for the non-specific consequence of the insertion, when comparing different HLA-B transgenes. UAS-hβ2m was inserted in 89E11 of chromosome 3. At least two independent transgenic lines were studied for each single or recombined transgene, leading to identical phenotype. Effective expression of the transgenes was observed at the transcription and protein levels by real-time quantitative PCR (RT-q-PCR) and Western-blot, respectively (Supplementary Fig. 1a-c).

Genetic interaction tests.

The effect of HLA-B*27:05/hβ2m expression driven by nub-Gal4 was assayed in different genetic backgrounds to test for the interaction of HLA-B*27:05 with different candidate genes. nub-Gal4> UAS-HLA-B*27:05, UAS-hβ2m Drosophila females were crossed with males bearing a loss-of-function or overexpressing mutant alleles of these genes. Each test was done thrice in independent experiments. For wing phenotype analysis, all the progeny was analyzed for each cross, including 40 to 100 flies. The phenotype of each cross was fully penetrant. About ten adult wings were dissected from random adult flies in PBS and mounted with 50% glycerol. Images were obtained with a LEICA MZFLIII microscope and an Olympus DP20 Digital Color Camera (Olympus, Hamburg, Germany). Scale information was recorded in the image. For wing imaginal discs, the number of imaginal discs analyzed was indicated on the corresponding graph.

RNA extraction and RT-qPCR. Forty wing imaginal discs were dissected in the RNA XS NucleoSpin kit's lysis buffer (Macherey-Nagel, Düren, Germany) on ice for each genotype to extract total RNAs. RNA concentration was determined by NanoDrop 1000 (ThermoScientific, Wilmington, USA). Reverse transcription was performed using 500 ng of total RNA following the protocol of M-MLV Reverse Transcriptase (ThermoScientific, Wilmington, USA). RT-qPCR was performed using the CFX96 Touch TM Real-Time PCR Detection System. Reaction mix preparation is composed of iTaq TM Universal SYBR®Green Supermix (BIORAD, Hercules, USA)) and 11 ng of cDNA as described in Biorad reaction mix preparation protocol. Three independent RT-qPCR experiments were performed and data were normalized against uba2 mRNA levels. Forward and reverse primer sequences (Invitrogen, Life Technologies) used for RT-qPCR are shown in Supplementary Table 2.

Immunostaining and microscopy.

Wing discs of third-instar larvae were dissected and immunostained as previously described. [10] The following primary antibodies (Abs) were used: rabbit anti-Death caspase-1 (Dcp-1 Asp216, Cell Signaling, Danvers, MA, USA, 1:50); [11] rabbit anti-p-Smad1/5 to detect phosphorylated Mother against dpp (p-Mad, S463/465, Cell Signaling, Danvers, MA, USA, 1:100); [12] rabbit anti-GFP (A-11122, ThermoFisher Scientific, MA, USA, 1:500); rabbit anti-HA tag (Y-11, Santa Cruz, Dallas Texas, USA, 1:500); HC-10, a mouse IgG2a monoclonal Ab (mAb) recognizing unfolded HLA-B heavy chains; [13] ME1, a mouse IgG1 mAb that is specific for properly folded HLA-B27, HLA-B7 and HLA-B22 proteins; [14] w6/32, a mouse IgG2a mAb uniformly recognizing a monomorphic determinant of all folded HLA-A, -B and -C proteins (ab22432, Abcam) [START_REF] Barnstable | Production of monoclonal antibodies to group A erythrocytes, HLA and other human cell surface antigens-new tools for genetic analysis[END_REF] and BBM1 a mouse anti-hβ2m IgG2b mAb. [START_REF] Brodsky | Monomorphic anti-HLA-A,B,C monoclonal antibodies detecting molecular subunits and combinatorial determinants[END_REF] Secondary Abs conjugated to Alexa Fluor 488, 568 or 647 were purchased from Molecular Probes (Eugen, OR, USA 1:400). Discs were mounted in Citifluor (Biovalley, Marne-La-Vallée, France). Images were captured using a Leica SPE confocal laser-scanning microscope (Leica, Wetzlar, Germany). Images were stacked and mean intensity was quantified with the ImageJ software.

Eye size measurement. Two-to 3-day-old adult flies were immobilized by freezing at -80°C and mounted on a Petri dish before being imaged at 3.2X magnification using a LEICA MZFLIII microscope and an Olympus DP20 Digital Color Camera (Olympus, Hamburg, Germany). Eye size was measured with the ImageJ pixel area function.

Imaginal disc cell preparation for flow cytometry. Thirty wing discs were dissected in phosphatebuffered saline (PBS) and transferred to siliconized tubes for trypsinization during 1.5 hours at 25°C (90% Trypsin in PBS, Thermofisher). Transgene expressing cells were also expressing GFP. Dissociated cells were left 2.5 hours in Schneider medium at 25°C and incubated with the primary Ab diluted in PBS + bovine serum albumin 0.1% for 30 min at room temperature (RT). Cells were then rinsed and incubated with the secondary Ab and propidium iodide (PI) for 30 min at RT. PI-and GFP+ cells were characterized with a FACSCanto II system (FORTESSA, BD Biosciences) and analyzed thanks to the Flowjo software (Tree Star).

Proximity ligation assay (PLA). PLA was performed using the Duolink In Situ Red Starter Kit

Mouse/Rabbit (Sigma-Aldrich), following the manufacturer's protocol. For Drosophila experiments, twenty wing imaginal discs for each genotype were dissected in PBS, fixed in 3.7% formaldehyde for 20 min at RT and permeabilized in PBS + Tween 0.3%. Primary anti-HA (rabbit, Y11 Santa Cruz), and w6/32 Abs were used overnight at 4°C. For B-LCL experiments, anti-ALK2 (Sigma-Aldrich, 1:100), anti-CD45 (mouse, 2B11 + PD7/26, Dako, California, USA, 1:100), ME1 and w6/32 Abs were used. Ten random 40x images per condition were acquired using the DAPI (blue nuclei) and Cy5 (red PLA signals) filters. Z-stack confocal images were collected and maximum intensity projections were generated by ImageJ. Automatic counting of the PLA dots using the "Find Maxima" function in ImageJ software were performed. 3. This study was approved by the institutional ethical committee of Ile-de-France XI (Saint-Germain-en-Laye France).

Analysis of Smad2/3 phosphorylation by flow cytometry. PBMC (10 6 cells/tube in PBS) from pairs of SpA patients and healthy controls were stimulated with recombinant human (rh) TGF (10 ng/mL; R&D Systems) or rhActivin A (20 ng/mL; R&D Systems) or not for 30 minutes at 37°C. After staining with anti-CD3 mAb (clone-UCHT1; BD Biosciences) and fixation during 20 minutes at 37°C with cytoFix Buffer (BD Biosciences), cells were permeabilized with perm buffer and stained with anti-p-Smad2 (pS465/pS467)/p-Smad3 (pS423/pS425) PhosFlow Ab according to the manufacturer's instructions (BD Biosciences) and analyzed using a LSRIII Fortessa flow cytometer (BD Biosciences).

Results were expressed as staining index calculated as the ratio between samples and fluorescenceminus-one (FMO) staining control.

Western-blotting. Forty wing discs of third-instar larvae were dissected in PBS and crushed in 400µl

of lysis buffer [Tris-HCl pH 8.2, 1M; NaCl 25mM; Nonidet P40 1% (NP40), protease inhibitor (complete Mini EDTA free, Roche, Boulogne-Billancourt, France)]. Total protein extract was completed by Laemmli 4X, DTT 0.5M and heated to 95°C for 5 minutes. Three independent samples of total protein were analyzed by Western-blot following a standard protocol, using rabbit anti-GRP78 (BiP) (ab21685, abcam), [START_REF] Sanchez-Martinez | Parkinson disease-linked GBA mutation effects reversed by molecular chaperones in human cell and fly models[END_REF] HC-10, BBM1 and mouse anti-Lamin C (LC28.26, DSHB, Iowa, USA) [START_REF] Schulze | Molecular genetic analysis of the nested Drosophila melanogaster lamin C gene[END_REF] and peroxidase-conjugated goat anti-mouse Ig or rabbit Ig (Dakocytomation, Carpenteria, CA) for 1.5 hours. CD14-negative PBMC (1-2 10 6 cells) were lysed in lysis buffer [Tris-HCl pH 7.5 20mM; NaCl 20mM; Triton 100X 1%, EDTA 10mM, protease inhibitor (complete Mini EDTA free, Roche), phosphatase inhibitor (PhosSTOP, Roche, 04906837001), Na3VO4 [1mM]. 2 µg of proteins were separated in 4-12% gradient gel and transferred on a PVDF membrane. Blot was revealed following a standard protocol using rabbit anti-p-Smad2 (Cell Signaling #3108), rabbit anti-Smad2/3 (Cell Signaling #8685) and rabbit anti-Actin (Sigma #A2066).

Statistical analysis.

Quantitative data are shown as the mean ± SEM. Unpaired Student's t-test was used for comparisons between two groups, unless otherwise stated. ANOVA was used for comparison of more than 2 groups, followed by unpaired Student's t-test after Bonferonni correction. Normality and homoscedasticity were respectively verified by Shapiro-Wilk and F tests before unpaired t-tests with n<30 or ANOVA. When data were not normal or homoscedastic, ANOVA was replaced by the Kruskal-Wallis test, followed by Dunn's multiple comparisons tests comparing each condition to the control. Wilcoxon matched-pairs test was used for comparison of matched groups. p values inferior to 0.05 were considered significant. The effect size was measured by Cohen's d.

Results

AS-associated HLA-B27 alleles induce specific wing and eye phenotypes in Drosophila.

Transgenic flies, carrying SpA-associated HLA-B*27:04 or HLA-B*27:05 alleles in combination with hβ2m developed abnormal phenotypes. The adult fly wing contains five longitudinal veins (from the most anterior L1 to the posterior L5) spanning the length of the wing and the anterior (ACV) and posterior (PCV) crossveins that connect L3 to L4 and L4 to L5, respectively (Fig. 1a). Neither expression of single transgenes (Fig. 1b,c,e,g), nor expression of HLA-B*07:02 with hβ2m (Fig. 1d and Supplementary Fig. 1d) induced any phenotype in the adult fly. However, expression of HLA-B*27:04 or HLA-B*27:05 with hβ2m induced a loss of ACV and/or PCV, when driven in the wing by nub-GAL4 or en-GAL4 (Fig. 1f,h, and Supplementary Fig. 1d). Moreover, expression of HLA-B27 alleles with hβ2m -but not of single transgenes nor of HLA-B*07:02 with hβ2m-caused a significant reduction of the eye size, when driven by the eye-specific driver ey-GAL4 (Fig. 1i-l). We focused further studies on the crossveinless phenotype that was fully penetrant, in contrast to the eye phenotype.

The crossveinless phenotype is neither associated with ER stress nor cell death induction

Efficient MHC-I folding in the ER depends on the peptide-loading complex (PLC), [START_REF] Blees | Structure of the human MHC-I peptide-loading complex[END_REF] which lacks some components in Drosophila. Therefore, HLA-B*27:05/hβ2m expression in such organism could lead to ER stress and unfolded protein response (UPR), a mechanism that has been proposed to mediate HLA-B27 pathogenicity. [6] However, ER stress (Supplementary Fig. 2a-c, 2f-g) and apoptosis (Supplementary Fig. 2h-j) markers revealed no effect of HLA-B*27:05/hβ2m expression.

Additionally, reducing putative ER stress (Supplementary Fig. 2d-e) or apoptosis (Supplementary Fig. 2k-l) did not modify the crossveinless phenotype, ruling out a role of ER stress or apoptosis in the HLA-B*27:05/hβ2m-induced phenotype.

HLA-B*2705/h 2m expression misregulates BMP signaling

Another hypothesis that may explain the crossveinless wings relies on the misregulation of the Notch, epidermal growth factor (EGF) or bone morphogenetic protein (BMP) pathways during development. [START_REF] Sotillos | Interactions between the Notch, EGFR, and decapentaplegic signaling pathways regulate vein differentiation duringDrosophila pupal wing development[END_REF] Notch signaling is activated in the wing intervein cells and is required to prevent ectopic vein formation. Expression of HLA-B*2705/hβ2m transgenes in intervein cells under the control of bs-GAL4 did not induce the crossveinless phenotype, whereas driving their expression in vein cells with shv-GAL4 led to loss of ACV and PCV, arguing against involvement of Notch pathway (Supplementary Fig. 3a-c). To test if HLA-B*2705/hβ2m could interfere with EGF signaling, we quantified transcript levels of four EGF signaling target genes involved in wing development. None was modified, excluding the involvement of this pathway (Supplementary Fig. 3d-g).

The crossveinless wing phenotype induced by expression of HLA-B27/hβ2m in Drosophila phenocopies mutations of genes involved in BMP signaling. [23,[START_REF] Matsuda | Dpp/BMP transport mechanism is required for wing venation in the sawfly Athalia rosae[END_REF] During wing development, the BMP pathway induces the proveins position. [23,[START_REF] Crozatier | Patterns in evolution: veins of the Drosophila wing[END_REF][START_REF] Raftery | Regulation of BMP activity and range in Drosophila wing development[END_REF] BMP signaling requires the formation of a hetero-or homodimer composed of the Decapentaplegic (Dpp) and/or Glass bottom boat (Gbb) ligands (Fig. 2a). Dimeric ligand binds to a heterotetramer composed of a hetero-or homodimer of BMP type I receptors (BMPR1, i.e. Thickveins (Tkv) and Saxophone (Sax)) and a hetero-or homodimer of the BMP type II receptors (BMPR2, i.e. Punt and Wishful thinking). Activated receptors phosphorylate the transcription factor Mad that associates with Medea for its import into the nucleus, where it induces transcription of optomotor-blind (omb), spalt-major (spalm), and daughters against dpp (dad). [START_REF] Crozatier | Patterns in evolution: veins of the Drosophila wing[END_REF][START_REF] Raftery | Regulation of BMP activity and range in Drosophila wing development[END_REF] Expression of a dominant negative mutant of gbb or depletion of Dpp in the wing, resulted in a reduction of wing size and/or an alteration of venation, which were worse in the presence of HLA-B*27:05/hβ2m, demonstrating interaction between HLA-B*27:05/hβ2m and the BMP pathway (Fig. 2b-e). Overexpression of gbb or dpp induces the formation of a blistered wing (Fig. 2f,h).

Interestingly, co-expression of HLA-B*27:05/hβ2m dramatically suppressed the gbb overexpression phenotype and reciprocally crossveins were restored by gbb overexpression (Fig. 2g). In contrast, coexpression of HLA-B*27:05/hβ2m suppressed very moderately the phenotype induced by dpp overexpression (Fig. 2i). These results showed that interaction between BMP signaling and HLA-B27 expression resulted in gbb-mediated signaling dampening.

HLA-B*27:05/h 2m expression inhibits BMPR1 Sax function

To identify the level of interaction of HLA-B*27:05/hβ2m with the BMP signaling pathway, we tested the effect of HLA-B*27:05/hβ2m expression in a Mad-misregulated background. Interestingly, it had no significant effect on a constitutively active form of Mad (Mad.CA)-induced phenotype (Fig. 2j,k), indicating that HLA-B27/hβ2m likely interacted upstream of the transcription factor Mad and potentially with BMP receptors. Since Gbb preferentially binds to Sax and Dpp to Tkv, we further investigated the interaction between HLA-B*27:05/hβ2m and Sax. [START_REF] Sotillos | Interactions between the Notch, EGFR, and decapentaplegic signaling pathways regulate vein differentiation duringDrosophila pupal wing development[END_REF][START_REF] Haerry | The interaction between two TGF-beta type I receptors plays important roles in ligand binding, SMAD activation, and gradient formation[END_REF] Sax can either promote BMP signaling by forming a heterodimer with Tkv, or, as a homodimer, limit the availability of Gbb and thereby antagonize signaling (Fig. 3a). [START_REF] Bangi | Dual function of the Drosophila Alk1/Alk2 ortholog Saxophone shapes the Bmp activity gradient in the wing imaginal disc[END_REF] Overexpression of a constitutively active form of Sax (Sax.CA) alters the formation of wings, which was suppressed by HLA-B*27:05/hβ2m, showing that HLA-B*27:05/hβ2m genetically repressed Sax activity (Fig. 2l,m). As expected, if HLA-B*27:05/hβ2m repressed Sax, HLA-B*27:05/hβ2m had no effect on wing vein defects induced by a negative dominant mutant of Sax (Sax.ΔI) (Fig. 2n,o).

Loss of function of Sax is known to widen the phosphorylated Mad (p-Mad) gradient, which results in an increase of its target genes expression. [START_REF] Bangi | Dual function of the Drosophila Alk1/Alk2 ortholog Saxophone shapes the Bmp activity gradient in the wing imaginal disc[END_REF] Consistently, HLA-B*27:05/hβ2m behaved as Sax.ΔI: both induced a widening of pMad gradient in wing imaginal discs (Fig. 4a-d). HLA-B*27:05/hβ2m also increased the transcript levels of BMP signaling targets dad and omb (Fig. 4e-f).

Altogether, those results supported an antagonistic interaction between HLA-B*27:05/hβ2m and Sax.

The alternative hypothesis that HLA-B*27:05/hβ2m increased Tkv activity could be excluded, as genetic interaction between HLA-B*27:05/hβ2m and a constitutively active form of Tkv (Tkv.CA) decreased the phosphorylation of Mad and attenuated the Tkv.CA phenotype in adult wings (Supplementary Fig. 4a-e). Suppression of Tkv.CA-induced phenotype by HLA-B*27:05/hβ2m is readily explained by HLA-B*27:05/hβ2m reducing Sax availability and the formation of Tkv-Sax heterodimers, thereby dampening BMP signaling (Fig. 2b).

HLA-B*27:05 folds and localizes to the plasma membrane in Drosophila

HLA-B27 and HLA-B7 were previously observed at the surface of transfected Drosophila cells in a well-folded conformation and hβ2m-dependent manner. [START_REF] Jackson | Empty and peptide-containing conformers of class I major histocompatibility complex molecules expressed in Drosophila melanogaster cells[END_REF] Consistently, well-folded HLA-B*27:05 or HLA-B*07:02 were detected by immunostaining performed on wing imaginal discs using w6/32 and ME1 Abs, only when hβ2m was present (Supplementary Fig. 5a-h and Supplementary 6a-d),

indicating that hβ2m is essential to the HLA-B complex formation, as in mammals. Interestingly, HLA-B*27:05/hβ2m resulted in a more intense staining than HLA-B*07:02/hβ2m (Supplementary Fig. 5a-h), albeit the amount of hβ2m in wing discs was similar between both conditions (Supplementary Fig. 6e-g). Using flow cytometry on non-permeabilized cells from wing imaginal discs, we also detected a greater amount of well-folded HLA-B*27:05/hβ2m than HLA-B*07:02/hβ2m on the cell surface (Supplementary Fig. 5i,j). Those results show that HLA-B*27:05 had a better folding capacity than HLA-B*07:02 when combined with hβ2m in the Drosophila context.

HLA-B*27:05 interacts with Sax in Drosophila and with ALK2 in AS patient's cells

We next investigated whether HLA-B*27:05/hβ2m and Sax could interact physically using PLA.

Unlike the irrelevant human HA-tagged membrane protein hPen2-HA (Fig. 5a,c), constitutively active HA-tagged Sax was indeed revealed in very close proximity (i.e. less than 40 nm) of HLA-B*27:05/hβ2m in the Drosophila wing imaginal disc, (Fig. 5b,d). Moreover, the human Sax ortholog ALK2 and HLA-B27 were also found in close vicinity of each other at the surface of B-LCLs from AS patients. This interaction was specific for both proteins, since ALK2 neither co-localized with CD45, nor with any other HLA-B allotype (Fig. 5e-k).

TGF superfamily ligands Activin A and TGF induce elevated Smad2/3 phosphorylation in T cells from HLA-B27+ SpA patients

ALK2, which is widely expressed in mammalian cells, binds several TGFβ superfamily ligands, including Activins and TGF and may antagonize their signaling that proceeds via Smad2/3 phosphorylation. [START_REF] Oh | Activin receptor-like kinase 1 modulates transforming growth factorbeta 1 signaling in the regulation of angiogenesis[END_REF][START_REF] Renlund | Activin receptor-like kinase-2 inhibits activin signaling by blocking the binding of activin to its type II receptor[END_REF][START_REF] Le | Drosophila models of FOP provide mechanistic insight[END_REF] Thus, to determine if HLA-B27 would disturb TGFβ/BMP pathway signaling in SpA, we examined the phosphorylation of Smad2/3 in peripheral blood T lymphocytes from SpA patients (Fig. 6). Indeed, we observed elevated phosphorylation of Smad2/3 in those cells, as compared to T cells from healthy controls. The difference was detectable in resting cells by PhosFlow but was exacerbated after exposure to TGFβ superfamily ligands (i.e. Activin A and TGFβ) consistent with a repression of the antagonistic activity of ALK2 by HLA-B27, similar to its effect on Sax function in Drosophila.

Discussion

We used Drosophila to uncover non-canonical effects that might underlie the as yet unexplained association of HLA-B27 with AS. Strikingly, flies transgenic for AS-associated HLA-B*27:04 and HLA-B*27:05, in combination with h 2m, exhibited crossveinless and small-eye phenotypes. In contrast, co-expression of HLA-B*07:02 allele (which is known to be protective from AS) [START_REF] Costantino | Genetics and Functional Genomics of Spondyloarthritis[END_REF] with h 2m, used as a control condition, did not affect fly development. These results underscore HLA-B27expressing Drosophila as a new promising model to investigate HLA-B27 pathogenic effects, even if it bears some limitations owing to the lack of adaptive immune system.

In mammalian cells, HLA-B27 exhibits slow-folding capacity and a tendency to misfold, which was proposed as putative mechanism for its pathogenicity, by triggering ER stress and UPR. [6] This could have been the case in Drosophila that lacks tapasin and transporters associated with antigen processing, required for optimal folding of MHC-I molecules. [START_REF] Blees | Structure of the human MHC-I peptide-loading complex[END_REF] However, given that MHC-I misfolding is reduced in the presence of h 2m, [34] and that neither expression of HLA-B alone nor its co-expression with h 2m induced ER stress in transgenic Drosophila, it is unlikely that MHC-I misfolding would account for the observed phenotypes. Moreover, the level of folded HLA-B molecules at the cell surface was greater in HLA-B27/h 2m than HLA-B7/h 2m transgenic wing imaginal discs. Thus, well-folded conformers were likely responsible for the phenotypes occurring in flies co-expressing HLA-B27 and h 2m.

In Drosophila, the formation of crossveins involves a cross-talk between BMP, EGF and Notch pathways. [START_REF] Sotillos | Interactions between the Notch, EGFR, and decapentaplegic signaling pathways regulate vein differentiation duringDrosophila pupal wing development[END_REF] To identify which pathway was implicated in the phenotype induced by HLA-B27/h 2m, their alteration was systematically examined. BMP signaling disruption appeared to be primarily responsible for the crossveinless phenotype. Indeed, HLA-B27/h 2m expression in the wing imaginal disc mimicked a Sax dominant negative mutant effect. BMP signaling balance in the wing was modified by HLA-B27/h 2m, resulting in widening of p-Mad gradient and overall increased expression of p-Mad target genes, i.e. omb and dad, indicating a loss of the antagonistic function of Sax. [START_REF] Bangi | Dual function of the Drosophila Alk1/Alk2 ortholog Saxophone shapes the Bmp activity gradient in the wing imaginal disc[END_REF] These results appear to be highly relevant to SpA as the BMP pathway also happens to be misregulated in SpA patients. For instance, Smad7 was up-regulated as its Drosophila ortholog dad in our model, [START_REF] Lee | Meta-analysis of differentially expressed genes in ankylosing spondylitis[END_REF]. Moreover, the p-Mad gradient widening seen in our model could fit with p-Smad1/5/8 detection in bony outgrowth of SpA patients, which is consistent with ectopic BMP signaling. [START_REF] Lories | Modulation of bone morphogenetic protein signaling inhibits the onset and progression of ankylosing enthesitis[END_REF] We interpreted this result by hypothesizing a repression of Sax function by the MHC-I molecule.

Consistently, we showed that HLA-B27/h 2m physically interacted with Sax in the wing tissue.

The mammalian orthologs of Sax are the BMPR1s ALK1 and ALK2, encoded by ACVRL1 and ACVR1 genes, respectively. [START_REF] Le | Drosophila models of FOP provide mechanistic insight[END_REF] ALK1 is predominantly present on endothelial cells and involved in angiogenesis, whereas ALK2 is more widely expressed and exerts an essential role in cartilage development and endochondral ossification, particularly in the axial skeleton. [START_REF] Salazar | BMP signalling in skeletal development, disease and repair[END_REF][START_REF] Roman | ALK1 signaling in development and disease: new paradigms[END_REF] Both of them bind several TGFβ superfamily ligands, including BMPs, Activins and TGF and like Sax, form hetero-tetrameric complexes with BMPR2s, including BMPRII and Activin receptor type-2A and -2B (ActRIIA and ActRIIB). [START_REF] Yadin | Structural insights into BMP receptors: Specificity, activation and inhibition[END_REF][START_REF] Ten Dijke | Characterization of type I receptors for transforming growth factor-beta and activin[END_REF] Similar to Sax, ALK1 and 2 play either a positive or a negative role in signaling, depending on the ligand and BMPR2 binding. They transduce signal in response to BMPs via Smad1/5/8 phosphorylation, whereas they antagonize signaling mediated by Activin and TGF via Smad2/3 phosphorylation or even BMP-mediated signaling in some circumstances. [START_REF] Oh | Activin receptor-like kinase 1 modulates transforming growth factorbeta 1 signaling in the regulation of angiogenesis[END_REF][START_REF] Renlund | Activin receptor-like kinase-2 inhibits activin signaling by blocking the binding of activin to its type II receptor[END_REF][START_REF] Le | Drosophila models of FOP provide mechanistic insight[END_REF][START_REF] Yadin | Structural insights into BMP receptors: Specificity, activation and inhibition[END_REF][START_REF] Hildebrand | The Fibrodysplasia Ossificans Progressiva (FOP) mutation p.R206H in ACVR1 confers an altered ligand response[END_REF][START_REF] Goumans | Activin receptor-like kinase (ALK)1 is an antagonistic mediator of lateral TGFbeta/ALK5 signaling[END_REF][START_REF] Ebner | Cloning of a type I TGF-beta receptor and its effect on TGF-beta binding to the type II receptor[END_REF] For instance, Activin A, is a ligand secreted by innate immune system cells during inflammation that primarily utilizes ALK4 and ALK7 as BMPR1s to initiate signaling via Smad2/3. [START_REF] Yadin | Structural insights into BMP receptors: Specificity, activation and inhibition[END_REF][START_REF] Phillips | Activin and related proteins in inflammation: not just interested bystanders[END_REF][START_REF] De Kretser | The roles of activin A and its binding protein, follistatin, in inflammation and tissue repair[END_REF] However, Activin A may also compete with BMPs to bind to ALK2, forming inactive complexes with ActRIIA and ActRIIB that inhibit Smad2/3-mediated Activin signaling and prevent Smad1/5/8-mediated BMP signaling. [START_REF] Renlund | Activin receptor-like kinase-2 inhibits activin signaling by blocking the binding of activin to its type II receptor[END_REF][START_REF] Wolken | The obligatory role of Activin A in the formation of heterotopic bone in Fibrodysplasia Ossificans Progressiva[END_REF][START_REF] Olsen | Activin A inhibits BMP-signaling by binding ACVR2A and ACVR2B[END_REF] Moreover, ALK2 can inhibit osteogenic BMP2-and BMP4-induced signaling by competing with their ALK3/ALK6 functional BMPR1s and recruiting BMPR2s into non-competent complexes. [START_REF] Hildebrand | The Fibrodysplasia Ossificans Progressiva (FOP) mutation p.R206H in ACVR1 confers an altered ligand response[END_REF] Interestingly, loss of the inhibitory effect of ALK2 on BMP signaling in response to Activin A, due to mutations in ACVR1 gene, leads to fibrodysplasia ossificans progressiva, a rare genetic disorder characterized by episodic heterotopic ossification of soft connective tissue, including tendons, ligaments, fascia, that may sometime bear similarities with AS. [START_REF] Fukuda | Constitutively Activated ALK2 and Increased SMAD1/5 Cooperatively Induce Bone Morphogenetic Protein Signaling in Fibrodysplasia Ossificans Progressiva[END_REF][START_REF] Shore | A recurrent mutation in the BMP type I receptor ACVR1 causes inherited and sporadic fibrodysplasia ossificans progressiva[END_REF][START_REF] Bridges | Fibrodysplasia (myositis) ossificans progressiva[END_REF][51] Interestingly, when expressed in Drosophila, ALK2 inhibited endogenous BMP signaling in wing discs like Sax did, suggesting that HLA-B27/h 2m may interfere with ALK2 in mammals in a way similar to Sax in Drosophila. [START_REF] Le | Drosophila models of FOP provide mechanistic insight[END_REF] Indeed, we observed that well-folded HLA-B27/h 2m physically interacted with ALK2 at the surface of B-LCLs from AS patients and that this was not the case for the non-AS-associated HLA-B7 or HLA-B22 alleles that were also recognized by ME1 Ab.

Characteristics of HLA-B27 explaining specific interaction with BMPR1s Sax/ALK2 remain to be determined. Interestingly however, one of the distinctive features common to all HLA-B27 alleles is an unpaired free cystein at position 67 that could potentially interact with the cystein-rich extra-cellular binding domain of Sax and ALK2 [START_REF] Massagué | TGF-β signal transduction[END_REF] This prompted us to examine whether the presence of HLA-B27 would affect the response of immune cells from SpA patients to Activin A and TGF , two ligands known to bind ALK2 and that could be implicated in the disease process. Most interestingly, as predicted if the presence of HLA-B27/h 2m released a brake on Activin A/TGFβ signaling, we observed elevated Smad2/3 phosphorylation that was detected in resting cells and exacerbated in response to both ligands in T cells from SpA patients.

Based on our findings, we propose a mechanism for HLA-B27 implication in SpA, whereby HLA-B27/hβ2m antagonizing the inhibitory function of ALK2 would potentiate Activin A, TGFβ, and/or BMP signaling in context-dependent fashion. A shift towards Smad2/3-mediated signaling in a context of inflammatory stimulus could notably contribute to the T-helper 17 differentiation bias [START_REF] Zhang | The role of transforming growth factor β in T helper 17 differentiation[END_REF] that has been shown in SpA. [6,[START_REF] Glatigny | Proinflammatory Th17 cells are expanded and induced by dendritic cells in spondylarthritis-prone HLA-B27-transgenic rats[END_REF] Complementarily, release of the brake normally held by ALK2 on BMP-mediated endochondral ossification, in inflammatory context, could account for increased ossification, which is another striking hallmark of SpA -albeit this study does not address other factors that may contribute to AS in HLA-B27-negative cases. [START_REF] Bennett | Severity of baseline magnetic resonance imagingevident sacroiliitis and HLA-B27 status in early inflammatory back pain predict radiographically evident ankylosing spondylitis at eight years[END_REF][START_REF] Dougados | Sacroiliac radiographic progression in recent onset axial spondyloarthritis: the 5-year data of the DESIR cohort[END_REF] This fits one of the oldest hypotheses proposed to account for HLA-B27 pathogenicity, i.e. that HLA-B27 itself might confer an enhanced sensitivity to an inflammatory mediator [START_REF] Rosenbaum | Why HLA-B27: an analysis based on two animal models[END_REF]. 

Figures legend

  Human cells: Lymphoblastoïd B cell lines (B-LCLs) 10151 (HLA-A*02, *31; B*27:05, *15; C*02, *03), 6370 (HLA-A*02, *68; B*27:05, *44; C*02, *07), and 13617 (HLA-A*02, *03; B*27:05, *18; C*02, *07) were established from AS patients and have been previous described.[17,18] B-LCLs 9435 (HLA-A*02, *03; B*07, *44; C*05, *07), 9953 (HLA-A*03, *30; B*07, *49; C*06, *07) and 6908 (HLA-A*02, *11; B*22, *44; C*03, *05) were established from Epstein-Barr virus-transformed lymphocytes from healthy controls according to standard protocol and grown at 37°C in RPMI 1640 medium supplemented with 10% heat inactivated fetal bovine serum, 100 U/mL penicillin and 100 µg/mL streptomycin. Peripheral blood mononuclear cells (PBMC) were isolated from HLA-B27+ SpA patients and HLA-B27 negative healthy controls, having signed informed consent, by Ficoll (GE Healthcare) density gradient centrifugation. CD14+ cells were first removed from PBMC by positive magnetic selection, using anti-CD14 microbeads and AutoMacs Pro Separator (Miltenyi Biotec). The characteristics of SpA and controls are shown in Supplementary Table
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 2 Figure 2. HLA-B27:05/hβ2m genetically interacts with BMP signaling components in Drosophila
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 3 Figure 3. Proposed model of interaction between HLA-B*27:05/hβ2m and the BMP pathway.
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 4 Figure 4. HLA-B27:05/hβ2m misregulates BMP signaling similar to a Sax loss of function. (a-c)
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 5 Figure 5. HLA-B27 interacts with Sax and ALK2. (a-d) PLA performed with w6/32 and anti-HA
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 6 Figure 6. p-Smad2/3 is increased in immune cells from HLA-B27+ SpA patients in response to
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