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TACI signals activate B cell proliferation, isotype switch and antibody production in both normal immunity and autoimmune states. In contrast to murine TACI, the human TACI gene undergoes alternative splicing to produce short and long isoforms (TACI-S and TACI-L). In previous studies, we showed that transduction of the short, but not long isoform, into murine B cells or human pre-B cells lacking TACI, caused them to become transcriptional and morphologically identical to plasma cells. These data suggest that the expression of different isoforms in humans provides unique controls on B cell maturation. In these studies we show that TACI-S and TACI-L form complexes in a ligand-independent manner, not dependent on a single extracellular domain. Both TACI isoforms are detectable in the endosomal cellular compartment where they co-localize with MyD88, TRAF6, and the activated 65 kDa form of TLR9, depending on a conserved intracellular TACI sequence. In contrast to TACI-L expressing cells, or cells bearing both isoforms, TACI-S binds ligands BAFF and APRIL with substantially greater affinity and promotes enhanced NF-kB activation. Using isoform-specific monoclonal antibodies, we show that while TACI-L is predominant as a surface receptor surface on human B cells, significantly more TACI-S is noted in the intracellular compartment and also in marginal zone, isotype switched and plasmablast in resting B cells. TACI-S is increased in tonsillar B cells and also in the intracellular compartment of activated peripheral B cells. These data shows that alternative splicing of the human TACI gene leads to two isoforms both of which intersect with MyD88 and TRAF6 and form complexes with TLR9, but the two isoforms have different ligand binding capacities, subcellular locations and activation capabilities.

Keywords: TACI, isoforms, B cell, activation, TLR9

INTRODUCTION

Transmembrane activator calcium modulator and cyclophilin ligand interactor (TACI) is a receptor expressed on B cells, especially CD27+ marginal zone, memory B cells, and plasma cells (1, 2). Activation of TACI by its ligands, a proliferation inducing ligand (APRIL) and B cell-activating factor (BAFF), promotes up-regulation of activation induced cytidine deaminase (AICDA) mRNA, isotype switch and B cell maturation to T-cell independent antibody production (2, 3). While TACI activation also induces B cell proliferation, isotype switch and terminal differentiation in mouse models, these signals can also limit clonal expansion by promoting up-regulation of Blimp1 mRNA, which fosters terminal plasma cell differentiation (4, 5). In humans, loss of one allele of the gene encoding TACI (TNFRSF13B) in the Smith-Magenis genetic syndrome, revealed that TACI haplo-insufficiency decreased TACI expression on memory B cells, and resulted in impaired B cell activation and antibody secretion (6, 7). Reinforcing the role of TACI as a B cell activator, missense mutations in this receptor lead to loss of B cell function and impaired repertoire selection in about 8% of humans with common variable immune deficiency (CVID) (2, 8–11). While mutation bearing relatives are not commonly hypogammaglobulinemic, their B cells fail to upregulate AICDA mRNA when activated by TACI agonists and display defective central B cell tolerance, revealing both intrinsic and dominant immune defects (9, 10).

Dissecting the complex biology of this receptor has gained much from study of murine models; however, in contrast to the murine Tnfrsf13b gene with two ligand-binding domains, the human TNFRSF13B gene has an additional 5′ exon which encodes a short terminal sequence. This permits skipping of exon 2 containing the first cysteine rich domain (CRD1), leading to the production of a second, shorter isoform lacking the first ligand-binding domain (12). As both isoforms are expressed in human B cells, we previously examined the functional differences between isoforms transduced into murine and human B cells lacking TACI expression. While murine A20 B cells and even more dramatically, human NALM6 pre-B cells transduced with the long TACI isoform (TACI-L), retained surface CD19 and IgG, cells transduced with the short isoform (TACI-S) lost these B cell characteristics and gained both transcriptional and morphologic features of plasma cells (13). The current study examines the structural requirements for receptor assembly, differential ligand binding and activation of these isoforms, the impact of TACI missense mutations, and the intracellular associations of TACI isoforms with MyD88, TRAF6, and TLR9. We investigated also the distribution of TACI in human B cell populations and how activation affects TACI isoform expression in human B cells.

METHODS

TACI Receptor Assembly Examined by FRET and Co-immuno-precipitation

As human B cells populations generally contain mRNA and protein for both isoforms (13), we examined the complexes formed by TACI-S and/or TACI-L after transfection into (HEK) 293T cells (ATCC), using fluorescence resonance energy transfer (FRET) (14). For this, TACI-L and TACI-S cDNA were amplified by PCR, labeled with mCherry or YFP (Primers are listed on Supplemental Table SI), and cloned into the pCINeo mammalian expression vector (Promega). Human TACI mCherry labeled mutants, C104R, A181E, and S194X, were also generated in each isoform using QuikChange II XL Site-Directed Mutagenesis Kit (Agilent) (Primers are listed on Supplemental Table SI). As a control, plasmid pReceiver-huCD40-eYFP was obtained from Genecopoeia. For FRET analyses, HEK-293T cells were transiently co-transfected with 1 μg of each YFP and mCherry plasmid pair (TACI-L, TACI-S, or CD40) using SuperFect reagent (Qiagen). After 48 h incubation at 37°C in 5% CO2 in DMEM medium (Gibco) with 10% FBS, transfected cells were washed, suspended to 500,000 cells/ml and FRET signals determined by FACS (LSRII or LSRFortessa, BD Biosciences). Similarly, TACI-L with C104R, A181E, and S194X mutations found in CVID subjects, were examined, pairing these with TACI-S or as a control, CD40-eYFP. For all transfected cells, both YFP and mCherry expression were determined (see Supplemental Figure S1). Data were analyzed using FlowJo software (Tree Star, Inc.).

To determine the effects of adding ligands on the FRET signal, rhAPRIL (0, 20, 100, or 200 ng) or rhBAFF (0, 5, 10, 20, or 50 ng) (R&D Systems) were added and samples were analyzed at different time-points (0, 2, 10, and 30 min). For validation of complexes found in FRET studies by immunoprecipitation, we then generated the constructs FLAG-TACI-L and hemagglutinin labeled (HA) TACI-L, TACI-S, and the selected mutants C104R, A181E, or S194X (primers are listed on Supplemental Table SI). These constructs were subsequently cloned into pcDNA3.1(+) plasmid, using In-Fusion system (Clontech), following manufacturer's instructions. HEK-293T cells were transfected as described above. After 48 h, cells were harvested and total cell lysates were incubated overnight at 4°C with 15 μl of anti-FLAG M2 magnetic beads (Sigma-Aldrich). Twelve hours later, immune complexes were precipitated and beads were incubated for 1 h with 30 μg of FLAG peptide (300 μg/ml) on ice and immunoprecipitated proteins were separated from the beads by centrifugation using Spin cups-cellulose acetate filters (Pierce). Immunoprecipitated proteins were separated by 4–12% SDS-PAGE and analyzed by immunoblot for the HA tagged proteins (Thermo-Fisher).

Comparing Isoforms and Mutants in NF-Kappa B Activation

To validate that functional TACI receptor complexes were produced and compare the signaling of TACI isoforms in transfected cells, we examined NF-kB activation after transfection of TACI-S or TACI-L into HEK-293T cells (or for comparison, the missense mutants C104R, A181E, or S194X), along with 0.8 μg of NF-kB luc reporter and 0.5 μg control pRL-null plasmids. Cells were cultured for 48 h after transfection to allow full TACI expression, and examined with and without activation for 6 h with 100 ng/ml rhAPRIL or rhBAFF. Equal amounts of DNA (0.8 μg) were used for each transfection, using empty vector DNA as needed. Reporter gene activity was determined after 48 h and NF-kB luciferase induction was normalized to Renilla luciferase intensity. As both FRET and immune precipitation studies suggested that TACI-S and TACI-L could form complexes with each other, we then tested NF-kB luciferase induction in HEK-293 cells transfected with both isoforms, validating the presence of each by the different fluorescent probes. For these studies, the values reported represent Relative Luciferase Activity (RLA) and are the mean ± SD from 5 to 7 independent experiments.

TACI Receptor Assembly

As TACI-S lacks the CRD1 but is clearly functionally active, this domain does not appear to be needed for TACI assembly, as previously suggested (15, 16). For this reason, to examine the requirements for TACI receptor complex, a set of extracellular domain deletion mutants were produced by PCR: these include (1) excision of the CRD1 (a construct equivalent to TACI-S), (2) construct with removal of exon 1 and CRD1 (ΔE1-CRD1), (3) the second cysteine rich domain (CRD2) (ΔCDR2), (4) both CRD1 and CRD2 (ΔCDR1-ΔCRD2; aa 21-104), and (5) the remaining extracellular 59 amino acids (Δaa105-164) (Primers for each are listed in Supplemental Table SII). Each of these constructs were also labeled with HA, and examined for co-precipitation with FLAG-TACI-L after transient transfection in HEK-293T cells as described above.

TACI Isoforms and Mutants in B Cells

To examine TACI isoforms in human B cells, the HA tagged human TACI-L and TACI-S GFP-constructs were stably transduced into the human B cell line BJAB, which lacks the endogenous expression of TACI (17). GFP positive cells were isolated by sorting (FACSAria II, BD Biosciences), expanded and maintained as previously described (13).

Differential Ligand Binding for Isoforms

As we had found that human TACI-S exhibits greatly enhanced activation in both transduced murine and human B cells (13), we tested if TACI-S might have an enhanced affinity for ligands as compared to TACI-L, which would provide a potential reason for these signaling differences. For this we separately incubated BJAB or HEK-293T cells bearing TACI-L or TACI-S (or both) with increasing amounts of FLAG-tagged multimerized MegaAPRIL (Adipogen) or MegaBAFF (Enzo) (0–800 ng). After this, 1 μg/mL biotin-anti-FLAG monoclonal M2 antibody was added to multimerize the ligands (18). Cells were washed, streptavidin-phycoerythrin-PE (Becton Dickinson) added and then examined by FACS (LSRII) (10, 13). To ensure comparable expression of TACI receptors on BJAB cells, GFP expression, integral to both constructs, was determined (13). For HEK-293T cells, comparable TACI expression was determined by FACS using an anti-TACI antibody which binds both TACI isoforms (mAb174, R&D). As our FRET studies suggested that mixed short and long isoforms may occur on human B cells, we also compared APRIL binding on BJAB and HEK-293T cells transduced with both TACI-S and TACI-L, separately labeled with either mCherry or YFP to validate transduction of both isoforms.

Comparing Ligand Affinity of Isoforms Using Microscale Thermophoresis

As TACI-S isoform transfected cells had a greater affinity for ligands than TACI-L cells in binding assays, we then turned to a cell free system to quantify these differences. For this, FLAG-TACI isoform proteins were expressed in HEK-293T cells and purified with anti-FLAG beads. Highly purified recombinant TACI-L and TACI-S were then fluorescently labeled at their N-termini for microscale thermophoresis (MST) using the Monolith NT Protein Labeling Kit RED-NHS (NanoTemper Technologies, München, Germany). Briefly, proteins at concentrations of 20 μM were incubated with 4X dye at a ratio of 1:1 in labeling buffer. To determine the Kd values of TACI-L and TACI-S for BAFF or APRIL, 100 nM of labeled FLAG-tagged TACI-L and TACI-S proteins were incubated with increasing concentrations (from 0 to 104 nM) of BAFF or Mega-APRIL (Adipogen), for 30 min at room temperature in binding buffer (PBS) (17). The samples were then centrifuged, loaded into premium-coated capillaries (NanoTemper Technologies) and fluorescence values from the binding reactions determined using the Monolith NT.115 (Nano Temper Technologies). Binding data was analyzed using Affinity analysis software (NanoTemper) to determine the Kd values for each TACI isoform for BAFF and APRIL.

Endosomal Expression of TACI Isoforms

TACI is best known as a surface receptor, but it is assembled in the ER where it intersects with MyD88 along with other adaptors such as TNFR-associated factor 6 (TRAF6), important for NF-kB activation (15, 19, 20). To examine MyD88 and TRAF6 recruitment to TACI-S and TACI-L, isoforms labeled with mCherry were transfected into HEK-293T cells, grown on coverslips in 24-well multiwell plates for 48 h. Cells were stained with rabbit Ab to MyD88 (Millipore) or TRAF6 (Santa Cruz) and Alexa Fluor 647-conjugated secondary antibody (ThermoFisher Scientific), and nuclei were stained with 4′,6-diamidine-2′-phenylindole dihydrochloride (DAPI) (Boehringer Mannheim). In other experiments, BJAB cells were stained goat Ab to TACI (Santa Cruz). To identify the endocytic compartment, cells were incubated with transferrin-Alexa Fluor 647-conjugated (40 μg/ml Tfn-647, Molecular Probes) at 37°C for varying times 1–60 min, terminating the reaction by washing cells with ice-cold PBS and fixation with 4% paraformaldehyde in PBS. In other experiments, in order to further identify the late endosomal compartment, fixed transfected cells were stained with mAb Rab7 (Abcam). As negative controls, cells were co-transfected with plasmid pLVX-IRES-mCherry. All slides were cover-slipped with FluorSave reagent (Calbiochem) and analyzed by laser scanning confocal microscopy (Leica SP5 DMI). Further image processing was performed using Adobe Photoshop.

TACI Isoforms and Intersection With TLR9

Our previous experiments demonstrated functional synergies between TACI and TLR9, including the shared requirement for MyD88 (20) and the observation that TACI and the activated 65 kDa form of TRL9 formed complexes in human B cells (9, 21). To examine the cytoplasmic intersection of TACI isoforms with TLR9 by confocal microscopy, we transfected HEK-293T cells with mCherry labeled TACI-S or TACI-L, or for comparison the S194X mutant, along with TLR9-YFP (pcDNA3-TLR9-YFP was a gift from Doug Golenbock; Addgene plasmid # 13642). We also examined complexes between TACI isoforms and TLR9 in FRET experiments in these cells as described above, using the S194X truncation TACI mutant as a control. We further examined TACI and TLR9 complexes by immunoprecipitation from BJAB cells, stably transduced with either TACI-S or TACI-L. For this, isoform-transduced BJAB cells were lysed, incubated with 1 μg biotin-labeled polyclonal anti-TACI (PepProtech) and then streptavidin Sepharose beads (GE Healthcare). In some experiments BJAB cells were incubated with rhAPRIL (200 ng/ml), ODN (3 μg/ml) or the combination of both, to gauge the effect of activation on the association of TLR9 with TACI isoforms. After washing the beads, adherent complexes were examined after PAGE, followed by blotted with polyclonal anti-TLR9 antibody (1:250, Abcam) and developed with anti-rabbit-HRP substrate (1:500 Thermo Fisher). For demonstrating the input for BJAB experiments, whole cell lysates were also examined, blotting separately for TACI and TLR9.

Monoclonal Antibodies for TACI Isoforms

To distinguish TACI isoforms in human B cells, mAbs were then raised to the TACI-S isoform, using the junctional TACI segment GRSRVDQEERWSLSCRKEQGKFYD unique to this isoform. Monoclonal antibody candidates were then screened for specificity by FACS (LSRII), on isoform-bearing BJAB cells. Clone 2H12 was selected and the IgG2a antibody was purified from hybridoma cell supernatants by FPLC (Akta Purifier FPLC system, GE Healthcare). The commercial mAb (clone 11H3, eBiosciences) was found to bind only TACI-L bearing BJAB cells (Figure 7A). The specificity of these mAbs was further validated by MST as described above, in this case incubating from 0 to 104 nM concentrations mAb with 100 nM fluorescently labeled recombinant FLAG-tagged TACI-L or TACI-S proteins for 30 min at room temperature in binding buffer (PBS) (17). The samples were then processed as described above to determine the Kd values for mAbs 2H12 and 11H3 for each TACI isoform.

Expression of TACI Isoforms on Human B Cell Populations

Peripheral blood was obtained from four normal adult donors. Tonsils were obtained from adult patients with follicular hyperplasia. The use of blood and tissue samples was approved by the Institutional Review Board of Mount Sinai School of Medicine (IRB). Human tonsillar mononuclear cells were obtained from fresh samples by mechanical disruption followed by separation on a Ficoll-Hypaque gradient; buffy coats from normal blood donors were also obtained from the New York Blood Center. Mononuclear cells (PBMCs) were isolated by Ficoll-Hypaque (Pharmacia, Uppsala, Sweden). To examine the expression of TACI isoforms on B cell subpopulations, B cells isolated by negative selection (CD19+) were stained with isoform specific mAbs in PBS with 1% BSA for 30 min at 4°C. Cells were subsequently washed and fixed with a 2% paraformaldehyde/PBS solution before analysis on BD LSRFortessa. For intracellular staining, cells were permeabilized after fixation for 20 min with BD FACS Permeabilizing solution 2 (BD), washed and stained with mAb TACI-L or mAb TACI-S. For indirect staining, cells were incubated with anti-mouse Alexa Fluor 488 (Invitrogen) using an IgG2a or IgG2b isotype control to validate the specificity of the staining. Living cells were identified by forward scatter and side scatter gating, and/or exclusion of 7-aminoactinomycin-D (eBioscience). B cell populations were discriminated by using CD19 APC-Cy7 (eBiosciences), CD27 PE (BD), CD38 Brilliant Blue, (eBiosciences), IgM APC (BD), IgD Pacific Blue (eBiosciences), CD20 FITC (BD), to designate naïve (IgD+CD27−), transitional (IgM+CD38+), marginal zone (IgD+CD27+), switched memory (IgD-CD27+), and plasmablasts (CD20lo/−CD38hi). To examine the effect of activation in TACI isoforms expression, mononuclear cells (PBMCs) were cultured for 4 days in the presence of ODN (3 μg/ml), CD40L/IL21 (200 and 20 ng/ml) (Invivogen) (R&D Systems) or anti IgM (10 μg/ml) (SouthernBiotech). Flow cytometry data analysis was performed using FlowJo data analysis software (Tree Star, Ashland, OR). As permeabilized cell staining results also include contributions from surface staining, we calculated the percentage of TACI surface and intracellular expression as previously described (22).

Statistical Analysis

Statistical analyses were performed using GraphPad Prism v.6 (GraphPad Software Inc., San Diego, CA). Values were expressed as mean ± standard error of the mean (SEM) or mean ± standard deviation (SD). Statistical significance was assessed by a two-tailed paired Student's t-test.

RESULTS

Characterization of TACI Hybrid Complexes

Previous work on the murine TACI receptor suggested that the CRD1 region was essential for receptor assembly (15). However, human TACI-S lacks the CRD1 domain entirely and exerts more intense NF-kB activation than TACI-L in both human and murine B cells (13), demonstrating that this domain is not essential for a functional TACI receptor. To examine isoform complex formation, mCherry labeled human TACI-S and YFP labeled TACI-L were both transfected into HEK-293T cells and TACI receptor assembly was examined by FRET. TACI-S and TACI-L produced complexes, not only with each other but also with the other isoform, whereas neither isoform assembled in complexes with YFP-CD40L (Figures 1A,B; see also Supplemental Figure S1 for the expression of YFP and mCherry for cells examined). Validating the possibility of mixed isoform complexes, transfected TACI-L-FLAG was able to precipitate either HA-labeled TACI-S or TACI-L (Figure 1C). TACI receptor assembly was ligand-independent, since addition of various concentrations of rhBAFF or rhAPRIL to either TACI-S and TACI-L transfected cells, had no effect on FRET signals (Figure 1D).
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FIGURE 1. TACI Isoforms form hybrid complexes detected by FRET. (A) To examine isoform complexes, YFP and mCherry labeled TACI-L, TACI-S, and/or CD40-eYFP as a control, were co-transfected into HEK-293T cells. After 48 h, the molecular association was analyzed by FRET using FACS (LSRII). A minimum of 50,000 positive cells were examined in all experiments. The dot plot results in each panel, are shown for one sample, representative of the results for 6 different experiments. The numerical data given in each panel, are the percent of FRET positive cells, of the live cells in the gate, averaged for all 6 experiments. (B) Frequency of FRET positive cells in the double positive YFP and mCherry gate from (A). Graph shows the mean ± SD. ***p < 0.001, two-tailed paired Student t-test of 6 independent experiments. (C) Either HA-labeled TACI-S or TACI-L transfected into HEK-293T cells, could be precipitated with TACI-L-FLAG as demonstrated in immuno-blotting using anti-HA staining. Lower panel shows FLAG expression as control. (D) Addition of increasing amounts of ligands BAFF or APRIL to the TACI-S and TACI-L complexes had no effect on the FRET signal, indicating that receptor assembly in these cells is ligand independent. Data are the mean ± SD from 3 independent experiments.



Impact of TACI Mutations on Receptor Assembly and Function

As B cells of some CVID subjects carry heterozygous TNFRSF13B mutations, we then examined complexes in HEK-293T cells transfected with either mCherry-labeled TACI-S or TACI-L, along with either isoform containing missense mutations found in CVID (C104R, A181E, or S194X) or YFP-CD40L as control. As the FRET signal was preserved for each combination (Figures 2A,B) (but not for CD40), and each mutant could be co-precipitated with transfected FLAG-TACI-L from these cells, we conclude that these missense alterations do not disrupt receptor formation (Figure 2C). However, to test the functions of these receptors, we then analyzed NF-kB activation induced by TACI-L and TACI-S, as compared to TACI mutants C104R, A181E, and S194X, each transfected into HEK-293T cells with the expression of each verified by western blot (Figure 2D). Consistent with our previous data in transduced cells (13, 20), competent TACI receptors have a high baseline luciferase induction in the absence of ligand; however, TACI-S was more efficient in luciferase induction than TACI-L, both with and without ligand exposure (Figure 2E). In contrast, TACI variants with missense mutations displayed impaired or no function, as anticipated (15, 23) (Figure 2E).
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FIGURE 2. TACI variants with missense mutations bind un-mutated isoforms but lack signaling function. (A) TACI mCherry labeled mutants, C104R, A181E, and S194X were generated in the TACI-L and TACI-S isoforms, and co-transfected into HEK-293T cells with WT TACI-YFP. These were examined in FRET experiments by FACS (LSRII) to judge complex formation using CD40-eYFP as a control. The dot plot results in each panel, are shown for one sample, representative of the results for 6 different experiments. The numerical data given in each panel, are the percent of FRET positive cells, of the live cells in the gate, averaged for all 6 experiments. (B) Frequency of FRET positive cells in the double positive YFP and mCherry gate. Data shows average ± SD from 6 independent experiments. In other experiments, ligands, APRIL, or BAFF (0, 5, 20, or 50 ng/ml) were added to judge the effects on FRET signal, showing no alteration in the signal (not shown). (C) For validation of complexes found in FRET, complexes forming with FLAG-TACI were precipitated with anti-FLAG sepharose beads and run on 10% PAGE gels; immunoblots were developed with an anti-HA antibody. Lower panel shows FLAG expression control. (D) To examine NF-kB luciferase induction, TACI-S, TACI-L or mutant C104R, A181E and S194X constructs were transfected into HEK-293T cells, along with NF-kB–luc reporter and control pRL-null plasmids and cultured for 48 h; TACI expression was confirmed by western blot. (E) These cells were cultured with or without activation for 6 h with 100 ng/ml APRIL or BAFF. Reporter gene activity was determined, and NF-kB luciferase induction normalized to Renilla luciferase. Values reported are represented as Relative Luciferase Activity (RLA) and are the mean ± SD from 5 to 7 independent experiments. *p < 0.05; ***p < 0.001, two-tailed paired Student t-test. Western blot shows that all constructions are expressed.



Assessment of TACI Domains Required for Receptor Assembly

As the CRD1 was apparently not required for receptor function, we then sought other regions essential for assembly, using a panel of TACI constructs with deletions in selected domains: exon 1 and CRD1, CRD2 (the second ligand binding domain), the 79 extracellular amino acids linking the CRD2 to the transmembrane domain (Δ105-164), or both CRD1 and CRD2 (Δ21-104) (Figure 3A). In each case, FLAG-labeled TACI-L was able to co-precipitate TACI-S (lacking the CRD1), as well as all of the other tested TACI deletion variants (Figure 3B). This observations suggest that oligomerization of human TACI is likely to depend upon a number of extracellular (or transmembrane) associations, but is not limited to a single extracellular region.
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FIGURE 3. (A) TACI variants with diverse deleted extracellular domains retain capacity for complex assembly. Upper panel shows HA labeled-TACI deletion mutant products: Full length TACI-L, TACI-S (minus CRD1), exon 1 and CRD1 (ΔE1-CRD1), CRD2 (ΔCDR2), minus the remaining extracellular 59 amino acids (Δaa105-164) and excision of both CRD1 and CRD2 (Δ21-104) were constructed. (B) Constructs were transfected into HEK-293T cells along with TACI-L-FLAG; after cell lysis, precipitates were harvested with anti-FLAG sepharose beads, and complexes in lysates examined after PAGE and immunoblotting using an anti-HA antibody. FLAG expression was tested as control (lower panel). Data are representative of 3 independent experiments.



TACI-S Displays Increased Ligand Binding Compared to TACI-L

A previous study suggested that the CRD1 of human TACI-L contains a weaker ligand binding domain as compared to the second ligand binding region retained in the TACI-S isoform (24), potentially accounting for the more robust signaling of the TACI-S receptor we observed here. We tested the ability of TACI-L and TACI-S to bind to APRIL by incubating BJAB cells transduced with either TACI isoform with APRIL-FLAG. While both TACI isoforms had similar surface receptor expression (as shown) TACI-S cells exhibited greater APRIL binding over a wide range of ligand concentrations than TACI-L cells (Figure 4A). In addition, TACI-S transfected HEK-293T cells also showed enhanced binding for BAFF (Figure 4B) and APRIL (Figure 4C), as compared to TACI-L cells. To further quantify the binding affinity of TACI-L and TACI-S to ligands BAFF and APRIL, we also used microscale thermophoresis (MST) (25). As expected, the TACI-L isoform demonstrated a much weaker affinity for both BAFF and APRIL (a higher Kd for both) than TACI-S (Figure 4D).


[image: image]

FIGURE 4. TACI-S display increased ligand binding. (A) To compare ligand binding capacities of isoforms, varying concentrations of FLAG-APRIL (0–50 ng/ml) were incubated with TACI-L or TACI-S transduced BJAB cells. Ligand binding was determined by FACS (LSRII) on washed cells, after incubation with anti-FLAG-PE. Comparable expression of TACI was determined by FACS (LSRII) using GFP expression. (B,C) To compare ligand binding in TACI-L or TACI-S transfected HEK-293T cells, cells were incubated with increasing amounts (0-800 ng) of either FLAG-BAFF (B) or FLAG-APRIL (C). Comparable expression of TACI isoforms in each case was determined by FACS (LSRII) using anti-TACI antibody. (D) The binding affinity of TACI-L and TACI-S to ligands BAFF and APRIL was determined by Microscale thermophoresis (MST). The change in the thermophoretic signal produces these Kd values (nM). Data represent the mean and SD of three independent thermophoresis measurements. (E) BJAB cells transduced with TACI-S and TACI-L, displayed binding of FLAG-APRIL intermediate between the TACI-S and TACI-L. (F) Diminishing ligand binding was also found for TACI-S HEK-293T cells also transfected with increasing ratios of TACI-L (ratios 1:1, 5:1, or 10:1) and incubated with to 0–500 ng of FLAG-APRIL. (G) HEK-293T cells transfected with both TACI-S and TACI-L, demonstrated intermediate NF-kB luciferase induction as compared to cells with either isoform. Values reported are represented as Mean of Fluorescence Intensity (MFI) (A-C,E,F) and as Relative Luciferase Units (RLU) (G) and are the mean ± SEM from 5 to 7 independent experiments. *p < 0.05, two-tailed paired Student t-test.



As human B cells might bear TACI receptors of either or both isoforms, or as FRET experiments suggested, perhaps even receptors of mixed isoform content, we then examined BJAB cells transduced with both isoforms. As expected, these mixed receptor-bearing cells demonstrated weaker binding of APRIL, intermediate between cells expressing only TACI-S or TACI-L (Figure 4E). We also transfected TACI-S HEK-293T cells with increasing amounts of TACI-L (ratios of 1:1, 5:1, or 10:1) to further examine if adding TACI-L diluted ligand binding. As expected, increasing the TACI-L content again led to diminished binding of APRIL (Figure 4F).

The functional relevance of how receptor content, and thus ligand binding might affect receptor function, was then examined by luciferase induction in HEK-293T cells bearing either TACI-S or TACI-L, or for comparison, cells transfected with both constructs. NF-kB luciferase induction was again higher for TACI-S as compared to TACI-L cells, but intermediate for cells transfected with both constructs (Figure 4G). Thus, the relative content of TACI isoforms, with more or less of the short or long isoform, appears to regulate receptor signaling strength and therefore may permit modulation of B cell activation responses, and ultimately, cell differentiation.

Both TACI Isoforms Co-localize With MyD88, TRAF6 in the Endosomal Compartment

As TACI is known to exhibit substantial intracellular expression in B cells (9, 19, 20), we also examined the intracellular localization of TACI-S and TACI-L isoforms in HEK-293T or TACI-transduced BJAB cells by confocal microscopy. We found that both isoforms co-localized with cytoplasmic MyD88, whereas the S194X mutant, lacking the TACI cytoplasmic sequence 228-233 (as expected from our previous work) failed to recruit MyD88 (Figure 5A and Supplemental Figure S2). As TRAF-6 engages the adjacent TACI PVE sequence (226–228) (26), we also sought binding of TACI isoforms with this adaptor protein. Both isoforms co-localized with TRAF6, but binding was again lost for the S194X variant, which has also lost the PVE motif (Figure 5B and Supplemental Figure S2). To further identify the intracellular location of TACI isoforms, we examined the uptake of labeled transferrin in HEK-293T cells transfected with either TACI-L or TACI-S (Figure 5C). Both isoforms were localized in the endocytic cytoplasmic region labeled by this marker. The intra-cytoplasmic localization of TACI isoforms, again similar, was further localized to the late endosomal compartment, as identified by Rab7 expression (Figure 5D).
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FIGURE 5. TACI co-localizes with MyD88 and TRAF6 in the late endosomal compartment. (A) mCherry labeled TACI-S, TACI-L or TACI-S194X isoform transfected HEK-293T cells, were stained with rabbit Ab to MyD88 or TRAF6; nuclei were stained with DAPI. Merged images show that each TACI isoform co-stains with MyD88 (A) and TRAF6 (B), but colocalization is absent for the S194X mutant. (C) HEK-293T cells transfected with mCherry labeled TACI-L and TACI-S were incubated with Alexa Fluor 647-conjugated transferrin (40 μg/ml Tfn-647) at 37°C for 5 min fixed with 4% paraformaldehyde. Merged images show that both TACI-L and TACI-S co-localize with Tfn-647 (white arrows). (D) In other experiments, transfected HEK-293T cells were stained with mAb Rab7 as a marker of late endosomes, also showing co-localization. Samples were examined by Leica SP5 DMI confocal microscopy, acquiring 3 different xy planes with 63×/1.4 NA objective lenses (Carl Zeiss) with optimal z spacing (~0.016 μm). Images were processed using Adobe Photoshop.



TACI Isoforms Co-localize and Complex With TLR9

Previously we showed that TACI is associated with the activated, cleaved form of TLR9 in human splenic B cells (9, 21). As TLR9 is cleaved in the endosome, and only the processed form recruits MyD88 (27), we used confocal microscopy to determine if TACI-S and/or TACI-L might merge with TLR9 in transfected HEK-293T cells (Figure 6A). Interestingly both TACI isoforms were capable of interacting with TLR9 in FRET experiments, again depending on the intracellular domain distal to aa194, as the FRET signals was abolished in the S194X mutant (Figure 6B). To validate the TACI intersection with TLR9 seen in these cells, we also examined the intersection between TLR9 and TACI isoforms in transduced BJAB cells, as these cells endogenously contain both TLR9 and MyD88 (28, 29). Transduced BJAB cells bore the respective isoform (but not native BJAB cells) and TLR9 in both the uncleaved (95 kDa) and the cleaved (65 kDa) forms (Figure 6C). However, when TLR9 was co-precipitated with a polyclonal anti-TACI antibody, the majority of TLR9 identified was the activated, cleaved form of (65 kDa) in these cells, as we showed previously for splenic B cells (9). Activation with ODN or ODN+APRIL, also increased the association of the activated form with TACI, as demonstrated in immunoblots (Figure 6D).
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FIGURE 6. TACI isoforms are associated with activated cleaved TLR9. (A) HEK-293T cells were transfected with either mCherry labeled TACI-S or TACI-L or the S194X mutant (red) along with TLR9-YFP (green); cells were examined by confocal microscopy showing co-localization (yellow) in cells expressing TACI-L or –S, but absent in cells with the S194X mutant. (B) HEK-293T cells were transfected with either TACI-S, TACI-L, or the S194X mutant with TLR9-YFP, to determine complex formation using FRET using FACS (LSRFortessa) as described above. Data is representative of 10 experiments. Right panel shows the % of FRET positive cells in the double positive YFP and mCherry gate in these experiments. Scatter-plot graph shows the mean ± SD. ***p < 0.001, two-tailed paired Student t-test. (C) Lysates of parental BJAB cells or stably transduced with either TACI-S or TACI-L, were examined by immunoblotting using either anti-TACI (top) or anti-TLR9 antibody (bottom) after PAGE gel electrophoresis. Blotting shows both non-activated and activated TLR9 forms (95 and 65kDa) for all cells and TACI isoforms visible only for transduced cells. (D) In other experiments, TACI-S or TACI-L BJAB cells, were incubated for 48 h with APRIL, ODN, or both, were lysed and biotin-labeled goat anti-TACI complexes were collected with SA beads and immunoblotted after PAGE with anti-TLR9 antibody. The activated 65kDa TLR9 cleaved form was predominant in TACI-captured immune complexes (top panel). This effect was enhanced in BJAB-S cells on activation with ODN and even more with ODN + APRIL as activators. Lower panels show TACI and TLR9 expression for the input of these experiments.



Production of mAb to TACI Isoforms and Examination of Human B Cell Populations

To examine surface and intracellular expression of TACI isoforms in human B cell populations, we first raised a panel of mAbs to TACI-S. Clone 2H12 was chosen, as this mAb demonstrated staining of only TACI-L on BJAB cells, and not TACI-S. For TACI-L we used mAb clone 11H3 (Biosciences), as it possesses specificity only for the longer isoform (Figure 7A). The specificity of these clones for each isoform was also demonstrated by the MST assay, which showed the very different affinity of each mAb for these TACI isoform proteins (Figure 7B).
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FIGURE 7. Monoclonal Antibodies to TACI isoforms (A) representative FACS (LSRII) histograms showing the specificity of the mAbs to TACI-L and TACI-S, tested on BJAB-L and BJAB-S cells along with control isotype and un-transduced BJAB cells. TACI-L is identified by mAb clone 11H3 and TACI-S by mAb 2H12. (B) The binding affinity of t mAb to TACI-L and TACI-S isoforms was determined by Microscale thermophoresis (MST), showing the specificity of each antibody. The change in the thermophoretic signal produces Kd values (nM); lower indicating greater affinity. Data represent the mean and SD of three independent thermophoresis measurements.



Isoform Expression in Human B Cell Populations

While the surface expression of TACI on human B cells is well known, based on our confocal studies and the signaling requirements of this receptor, substantial intracellular TACI was also expected. Thus we used the above monoclonal antibodies to examine any differences in expression of isoforms on cell surface and in the intracellular compartment. As staining of permeabilized cells includes fluorescent contributions from cell surface staining, we determined the separate surface and intracellular expression for TACI-S and TACI-L, using a previously described method (22). While TACI-L was predominant as a surface receptor surface over TACI-S on human B cells, significantly more TACI-S was noted in intracellular compartment (p < 0.05) (Figure 8A). To dissect this further, we then examined human B cell populations in mononuclear cells from peripheral blood separately (Figures 8B,C and Supplemental Table SIII). While TACI-L was again more predominant as a surface receptor for transitional, marginal zone-like, switched memory B cells and plasmablasts, TACI-S was significantly more abundant in the intracellular cytoplasm, with especially increased expression in marginal zone and isotype switched (p < 0.05) and plasmablast B cells (p < 0.01).
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FIGURE 8. (A) TACI isoforms are differentially expressed in B cell subpopulations. Surface and intracellular TACI isoforms frequency in freshly isolated peripheral blood CD19+ cells. Data shows the mean ± SEM of 4 independent experiments for 4 normal donors. *p < 0.05, two-tailed paired Student t-test. (B) Percent of expression of surface and intracellular (C) TACI isoforms in different B cell subpopulations isolated from blood of 4 donors: Naïve (IgD+CD27-), Transitional (Tr) (IgM+CD38+), Marginal Zone (MZ) (IgD+CD27+), Switched Memory (SwMe) (IgD-CD27+), and Plasmablasts (PB) (IgD-CD27hiCD38hi). Data compile the results for 4 experiments. Data shows the mean ± SEM. *p < 0.05, two-tailed paired Student t-test.



Effect of Activation in Isoform Expression

To analyze the effect of B cell activation on the expression of TACI isoforms, peripheral blood mononuclear cells (PBMCs) of normal donors were stimulated with selected B cell activators: ODN, CD40L/IL21, or anti-IgM. After 4 days of incubation, while IgM stimulation had a somewhat decreased expression of both isoforms in non-permeabilized B cells (Figure 9A), cells activated with ODN or CD40L/IL21 showed a significant increase in total TACI expression, and especially TACI-S, as compared to the non-stimulated (NS) condition (Figure 9B). As B cells in lymphoid organs present a more activated state than in peripheral blood, we then analyzed the expression of these isoforms in B cell subpopulations from freshly isolated tonsils. These cells expressed more surface TACI-S in all populations and again, increased TACI-S in transitional, marginal, switched memory and plasmablasts (Figures 9C,D).
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FIGURE 9. TACI isoforms expression in activated B cells. TACI isoform expression in non-permeabilized (A) and permeabilized (B) peripheral blood B cells from normal donors, cultured for 4 days in the presence or absence of ODN, CD40L/IL21, or anti-IgM. Data shows the mean ± SEM of 4 independent experiments. (C,D) TACI isoform expression was analyzed in B cell subpopulations isolated from freshly-isolated tonsils (n = 4): Naïve (IgD+CD27-), Transitional (Tr) (IgM+CD38+), Marginal Zone (MZ) (IgD+CD27+), Switched Memory (SwMe) (IgD-CD27+), and Plasmablasts (PB) (IgD-CD27hiCD38hi). Non permeabilized (C) and permeabilized cells (D) were examined. Data shows the mean ± SEM. *p < 0.05, **p < 0.01, two-tailed paired Student t-test.



DISCUSSION

TACI is a complex B cell receptor that promotes T cell dependent and independent antibody secretion and plasma cell differentiation (5, 30). In humans, deficient B cell TACI expression, in either mutants or states of hemizygosity, interferes with B cell activation, antibody production and the development of memory and plasma cells (6, 7, 10). Since TACI–/– mice have an expanded B-cell pool with autoimmune manifestations (1, 31), and T cell-independent autoimmunity in a murine BAFF over-expression system depended on TACI, this receptor has been viewed as exerting tolerogenic functions (32). The negative regulatory role of TACI has also been evident in human immune deficiency, as patients with CVID who carry heterozygous TNFRSF13B mutations are more likely to have lymphoid hyperplasia and autoimmunity (9, 11, 33). TACI's potential tolerogenic mechanisms include inhibition of B cell proliferation, limiting clonal expansion, and promotion of B cell apoptosis (34, 35). We previously showed that TACI plays an essential role in establishing central B cell tolerance by preventing the production of autoreactive B cells in the bone marrow (9).

Many studies analyzing TACI function have been performed using murine models. However, the human TNFRSF13B gene contains an additional 5′ exon as compared to its murine counterpart. This allows differential RNA processing, leading to the production of two human isoforms (12), the roles of which have been unclear. The molecular mechanisms that regulate TACI splicing and by which TACI-S mediated its strong B cell activation remained to be determined; however, alternative mRNA splicing of other NF-kB signaling receptor genes (such as FAS, CD40) has been shown to control lymphoid growth and differentiation by generating contradictory signals (36–39). Our previous study on TACI isoforms revealed that the TACI short variant, which lacks the CRD1 domain, was indeed more efficient at inducing NF-kB activation, nuclear p65 translocation and plasma cell differentiation, as compared to the long isoform (13). However, differences in the ligand binding capacities of the two TACI isoforms were previously suggested using plasmon resonance (24).

We demonstrate here that the short TACI isoform displays clearly greater affinity for ligands BAFF and APRIL as compared to the long isoform. TACI-S also mediates markedly enhanced NF-kB activation, with or even without the addition of ligands BAFF or APRIL, a feature previously noted for this receptor (13, 15, 20). Using microscale thermophoresis, a cell-free system, we again validated that TACI-L protein displays a much weaker affinity for both BAFF and APRIL than TACI-S. As a result, the fully functional human TACI-S receptor appears more similar to the murine counterpart, supporting the previous suggestion that the CRD1 domain resembles an evolutionary remnant (24).

Interestingly, our FRET analysis revealed that cells could display hybrid TACI receptors, containing both isoforms. Further examining this possibility, we found that cells transfected or transduced with both TACI-S and TACI-L demonstrated both intermediate ligand binding and luciferase induction, as compared to cells expressing either isoform alone. As this may be true of human B cells, we suggest that the differential expression of either or both TACI isoforms could provide fine-tuning or tolerogenic differentiation responses for these cells. Since TACI-S more strongly mediates plasma cell differentiation, we postulate that B cells may express predominantly TACI-L during early B cell development and proliferation, while TACI-S would be more characteristic of terminal B cell differentiation. In line with this, additional controls for the same TACI/BAFFR/BCMA receptor system are provided by alternative splicing of genes encoding the ligands BAFF and APRIL, which also leads to structural variants with either activating or inhibiting properties (40, 41).

Following ligand binding, TACI directly interacts with MyD88 leading to NF-kB activation, dependent on the intracellular adaptors IRAK1, IRAK4, and TRAF6 (20). Since TACI engagement in conjunction with TLR ligands activates class-switch recombination and leads to IgG responses for T-independent antigens (20), we also explored the intracellular associations of TACI isoforms with TLR9. In agreement with the substantial intracytoplasmic TACI expression, we show that both TACI isoforms co-localized with MyD88 and TRAF6 in the endosomal compartment, depending on retention of a specific intracytoplasmic TACI sequence (20). Our previous work showed that TACI could be co-immunoprecipitated with activated TLR7 and TLR9 from human B cells (9, 21). We now show that both TACI isoforms, which share the same intracellular sequence, also associate with TLR9, while the truncated S194X TACI mutant does not, showing that terminal TACI intracellular domain is also required for binding TLR9, as it is for MyD88 (20). Here also we show that TLR9 activation increases TACI-S expression. Although we previously described that signaling through TLR9 increases mRNA TACI-S expression in human B cells (13), we now show that activation with a TLR9 agonist, as well as CD40L/IL21, increase TACI-S protein expression. However, more studies would need to demonstrate that role these activation signals play in the splicing of TACI mRNA.

For peripheral human B cells, which bear both TACI-S and TACI-L (13), we used specific mAbs, and found that the surface and intracellular distribution of isoforms displayed almost opposing expression, with greater TACI-L surface expression in all resting cell populations but enhanced intracellular TACI-S, especially in marginal zone, isotype switched memory B cells and plasma cells, in keeping with the role of this isoform in terminal differentiation. This effect was also observed after B cell activation. For tonsillar B cells however, perhaps due to chronic exposure to oral antigens, TACI-S was the predominate surface and intracellular isoform expressed.

In summary, alternative splicing of the human TACI gene leads to the production of two isoforms with different ligand binding and activation capabilities in human cells. TACI ligands BAFF and APRIL preferentially bind the short isoform, which is also more efficient at inducing NF-kB activation, driving B cell maturation to plasma cell development. While both isoforms are found in human B cells and co-localize in the cytoplasm with MyD88, TRAF6, and TLR9, there is differential surface and intracellular expression of these isoforms in human B cell populations.
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