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Features of Isoforms of Human Soluble TACI
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Regina Feederle,” Andreas Biiltmann,' Tania Kiimpfel,""Jr Pascal Schneider,”
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The BAFF/APRIL-system with the two cytokines BAFF and APRIL and their three receptors, transmembrane activator and CAML
interactor (TACI), BAFF receptor, and B-cell maturation Ag, is important for B cell maintenance. The BAFF/APRIL system is a
therapeutic target in B cell-derived malignancies and autoimmune diseases. However, unexpected outcomes of clinical trials with
atacicept (TACI-Fc) underline our incomplete understanding of this system. Shedding of the three receptors is one important
regulatory element. In humans, TACI exists in two isoforms generated through alternative splicing in their extracellular portion:
TACI-long (1) has two cysteine-rich domains, whereas TACI-short (s) lacks the first low-affinity one. In this study, we discriminated
soluble (s) forms of TACI-1 and TACI-s with newly generated mAbs and found that both were spontaneously released from activated
human B cells, with a predominance of STACI-1l. Furthermore, sSTACI-I was also the dominant isoform in human serum. Vaccination
with the mRNA vaccine from BioNTech does not significantly affect the serum levels of sSTACI-1. Both TACI-s and TACI-l were shed
by a disintegrin and metalloproteinase domain-containing protein 10. TACI-l and TACI-s formed homo- and hetero-oligomers in
soluble and membrane-bound forms. Both sSTACI-1 and sTACI-s acted as decoy receptors for BAFF, but only sTACI-I also efficiently
inhibited APRIL. Dimerization of sSTACI-1 enhanced its decoy functions only slightly. Together, we extend our knowledge of the

complexity of the BAFF/APRIL system by identifying and characterizing the two soluble isoforms of TACI.

Immunology, 2023, 211: 1-10.

he BAFF/APRIL-system plays a crucial role in the develop-

ment and maintenance of B cells (1, 2). It is composed of

the two ligands BAFF and APRIL and the three receptors,
BAFF receptor (BAFF-R), B-cell maturation Ag (BCMA), and
transmembrane activator and CAML interactor (TACI).

The importance of this system is further substantiated by its
proven value as a therapeutic target in autoimmune diseases and
hemato-oncology (3, 4): belimumab (anti-BAFF) is used to treat
patients with systemic lupus erythematosus (3). mAbs targeting
BCMA and chimeric Ag receptor (CAR)-T cells targeting BCMA
and/or TACI raised great hope as novel therapeutic strategies
against multiple myeloma (4-9). Recently, belantamab mafodotin
(GSK28579176), an anti-BCMA drug conjugate, and CAR-T cells
targeting BCMA have been approved for the treatment of multiple
myeloma (reviewed in [10]). One pharmacological approach to tar-
get both BAFF and APRIL is the application of atacicept
(TACI-Fc, comprising both cysteine-rich domains [CRDs] of
TACI). Atacicept reduced circulating Ig levels, as expected,
because BAFF and APRIL are survival factors for plasma cells.
Atacicept also reduced the total number of circulating B cells
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but not of memory B cells. Unexpectedly, atacicept induced
inflammatory activity in the brain of some patients with multi-
ple sclerosis (MS), and the clinical trial was stopped (11). The
reasons behind this are still not understood but may partially be
explained by observations that BAFF and APRIL foster immunoreg-
ulatory activity of plasmablasts (12—14) and astrocytes (15). This
illustrates that features of the powerful regulatory BAFF/APRIL sys-
tem remain to be explored.

This study focuses on TACI Surface expression of TACI is
induced when B cells are activated, in particular when they differen-
tiate into plasma cells (16, 17); TACI is also expressed by malignant
cells such as in primary CNS lymphoma (18) and multiple myeloma
(19). The surface receptor TACI binds to both BAFF and APRIL
but responds better, if not exclusively, to oligomeric ligands (i.e.,
containing more than one trimer: membrane-bound BAFF, BAFF
60-mer [containing 20 trimers], or heparan sulfate proteoglycan-
bound APRIL) (1, 20). Mutations of TACI are a cause of common
variable immunodeficiency (21). Some of these patients showed
signs of lymphoproliferation and autoimmunity together with immu-
nodeficiency (22), illustrating the complex role of TACL
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In humans, but not in mice, the TNFRSFI13B gene generates two
alternative splicing variants of TACI (23). The short splice variant
TACI-short (s) lacks the N-terminal CRD1 but retains the CRD2.
The CRD2 of TACI was found to be sufficient for ligand binding
(23), whereas the CRD1 was implicated in oligomerization of TACI
in membrane-bound form (24). In recent years, a further level of
regulation within the BAFF/APRIL system has been identified,
namely shedding of the three receptors BCMA (25), TACI (17), and
BAFF-R (26), reviewed in (27). Soluble (s)BCMA and sTACI are
biomarkers for B cell involvement in autoimmunity and lymphoma
and have to be considered in therapeutic approaches targeting these
receptors (17, 18, 25, 28, 29).

Although the membrane-bound isoforms of TACI have been
linked to the induction of plasma cell differentiation (30, 31), prop-
erties of their respective shed forms (sTACI-1 and sTACI-s) have
not been investigated and are the focus of this study. Using isoform-
specific mAbs to differentiate between sTACI-s and sTACI-l, we
found that both sTACI isoforms were spontaneously shed from acti-
vated human B cells. The levels of sSTACI-1 were ~10 times higher
than the levels of STACI-s. In serum, STACI-1 was the dominant
isoform, and the levels did not significantly change after vaccination
with the mRNA vaccine from BioNTech. Furthermore, we found
that STACI-s was not shed by +y-secretase like BCMA was, although
both receptors have just one CRD. sTACI-l and sTACI-s showed
differences in their degree of oligomerization and decoy activity.
Thus, this study extends our knowledge of the complexity of the
BAFF/APRIL system.

Materials and Methods

Human specimen

All human specimens were collected following written informed consent
according to local ethics policy guidelines at the Ludwig Maximilian Univer-
sity in Munich. This study abides by the Declaration of Helsinki principles.
Written informed consent was obtained from each donor prior to their inclu-
sion in the study. Characteristics and demographics on the healthy control
subjects and the donors can be found in Supplemental Table 1.

Recombinant production of sTACI-I and sTACI-s

Sequences of mature soluble TACI isoforms cloned in expression vectors
were chosen according to mass spectrometry results published in (17).
STACI-1 (DAAMSGLGRSRRGGRSRVDQEERFPQGLWTGVAMRSCPEE-
QYWDPLLGTCMSCKTICNHQSQRTCAAFCRSLSCRKEQGKFYDHLL-
RDCISCASICGQHPKQCAYFCENKLRSPVNLPPELRRQRSGEVENNSD-
NSGRYQGLEHRGSEASPALPGLKHHHHHH) and sTACI-s (DAAMSGL-
GRSRRGGRSRVDQEERWSLSCRKEQGKFYDHLLRDCISCASICGQHP-
KQCAYFCENKLRSPVNLPPELRRQRSGEVENNSDNSGRYQGLEHRG-
SEASPALPGLKHHHHH), where sequences in italic are vector derived,
were produced in HEK293.EBNA cells using the PTTS5 vector essentially
as described previously (25, 32). We chose K154 of TACI-I (K108 of
TACI-s), adjacent to L155, as the mature C-terminus of the recombinant
proteins because K154/L155 within the juxtamembrane region is close to
the natural cleavage site of naturally processed sTACI (17). Because
TACI is devoid of a signal peptide, the signal peptide of the Ig k-chain
was added at the N-terminus of sSTACI-1 and sTACI-s to ensure secretion.
A tag coding for six consecutive histidines was added at the C-terminus
for affinity purification purposes. Proteins secreted in serum-free condi-
tioned supernatants of transfected HEK293.EBNA cells were affinity
purified by nickel-nitriloacetic acid affinity chromatography with HisTrap
columns (GE Healthcare) and a gradient using imidazole. Details of
recombinant STACI-s and sTACI-1 are provided in Fig. 1.

SDS-PAGE, Coomassie blue staining, and Western blotting

Proteins were denatured for SDS-PAGE by heating for 5 min at 95°C in
NuPAGE sample buffer with 50 mM DTT. Novex Bis-Tris gels (6—12%;
Invitrogen) or Novex Tricine 10-20% gels (Invitrogen) and Novex sharp
prestained protein standard (Thermo Scientific) were used for SDS-PAGE.
After electrophoresis, gels were stained with Coomassie blue. Analysis was
done by Odyssey Fc (LI-COR Biosciences) with 700 nm.

ISOFORMS OF SOLUBLE TACI

Generation and characterization of mAbs recognizing sTACI-l and
sTACI-s

Several mAbs were produced to distinguish both isoforms of human TACL
mADbs that specifically recognize the long isoform were generated by MOR-
PHOSYS using a phage display library in a human IgGl format (33).
TACI-s is characterized by Trp21 that is generated by alternative splicing.
For Abs specifically recognizing TACI-s, rats were immunized twice with an
OVA-coupled peptide, DQEERWSLSCR, containing Trp21 coupled to
OVA. Hybridoma fusion was performed using standard procedures, and
supernatants from the obtained clones were first screened for binding to bio-
tinylated peptides by ELISA. Positive clones were then further validated
with recombinant STACI-s and sTACI-1 by ELISA and Western blot analy-
sis. Selected clones were subcloned by limiting dilution to generate monoclo-
nal hybridoma cell lines. Furthermore, the commercially available mAb
CD267 (TACI) mAb (clone 11H3 (biotinylated); 13-9217-82, Invitrogen) is
specific for STACI-1 (31). 11H3, one TACI-Il-specific mAb from phage dis-
play (B10), and the new TACI-s specific mAb (9CS5, rat IgG2b) were chosen
for this study.

ELISAs

The human TACI/TNFRSF13B DuoSet ELISA (DY174, R&D Systems,
Abingdon, UK) detects both isoforms of TACI and was used to detect total
STACIL TACI isoform-specific ELISAs were established. The TACI-s—specific
mAb 9C5 and the TACI-l-specific mAb B10 were used as capture Abs.
Both Abs were coated in ELISA plates at a concentration of 5 pg/ml and
incubated overnight at 4°C. Recombinant human sTACI-s and sTACI-l
were used as standards to determine sample concentration. Samples were
incubated for 2 h at room temperature (RT) for validation of the mAbs and
STACI-L. The biotinylated goat anti-human TACI (841862, R&D Systems),
followed by HRP-coupled streptavidin (DY 998, R&D Systems) and sub-
strate solution (DY 999, R&D Systems), was used for subsequent detection.
We established another ELISA specific for sTACI-I by coating with the anti-
TACI Ab [Human TACI Capture Ab (841861, R&D Systems)] and detected
with 11H3-biotin. The sensitivity of STACI-s detection could be increased by
incubating samples overnight.

A sandwich ELISA was used to detect binding of sTACI to BAFF and
APRIL as previously published (17). In short, ELISA plates were coated
overnight at 4°C with anti-Flag M2 Ab (5 pg/ml; Sigma-Aldrich, St. Louis,
MO). Human Flag-BAFF (R&D Systems) or mouse Flag-APRIL (Adipo-
Gen) were added at a concentration of 100 ng/ml and incubated for 2 h at
RT. Next, a dilution series of the sTACI isoforms (0.0024-37.5 nM, corre-
sponding to ~0.04-675 ng/ml [STACI-I]) were added to the ELISA and
incubated for 2 h at RT. After washing, the TACI DuoSet ELISA protocol
was followed starting with the detection step. Absorbance at 450 nm and
540 nm was measured with the PerkinElmer Victor2 1420 Multilabel
Counter.

Coimmunoprecipitation (co-1P)

HEK293T cells were transfected in 10-cm plates using Lipofectamine 2000
(Invitrogen) with plasmids coding for TACI-1 or TACI-s tagged at the N-
terminus with Flag or HA. Supernatants were harvested, and cell lysates
were obtained 48-72 h after transfection. Cells were lysed on ice for
30 min in 1.8 ml lysis buffer (0.5% Nonidet P-40 [Sigma-Aldrich], 50 mM
HEPES buffer [Sigma-Aldrich], 250 mM NaCl, 5 mM EDTA [Sigma-
Aldrich], Complete protease inhibitor mixture [Sigma-Aldrich]). Lysates
were centrifuged once for 10 min at 14,000 rpm, and supernatants were
stored at —80°C. The TACI Human TACI/TNFRSF13B DuoSet ELISA
(R&D Systems) was used to determine TACI concentrations before addi-
tion of beads. Co-IP was performed as previously described (17). Briefly,
equal amounts of protein were added stepwise to anti-Flag M2 magnetic
beads (M8823; Sigma-Aldrich) for all supernatant conditions to determine
oligomerization of soluble TACI isoforms and for all cell lysate conditions
to determine oligomerization of membrane-bound forms. After sample
application, beads were washed five times with TBS (10 mM Tris-HCl,
140 mM NacCl). Proteins were eluted by incubation with 1 M glycine-HCl,
pH 3, for 20 min at 56°C, and supernatants were neutralized with 1 M
Tris-HCl, pH 9. Anti-Flag and anti-HA ELISAs were used to quantify
immunoprecipitated Flag-TACI and coimmunoprecipitated HA-TACI in
bead eluates. Briefly, ELISA plates were coated overnight at 4°C with anti-
Flag M2 Ab or anti-HA.11 Ab (HA-7; BioLegend) at 5 pg/ml in PBS.
Next, plates were blocked with PBS with 1% BSA, and eluates were incu-
bated for 2 h at RT on anti-HA-coated plates. After washing, the TACI
DuoSet ELISA protocol was followed starting with the detection step.
Absorbance at 450 nm and 540 nm was measured with the Perkin Elmer
Victor2 1420 Multilabel Counter.
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Size exclusion chromatography (SEC)

Freshly produced proteins were concentrated to ~3—10 mg/ml with Amicon
Ultra centrifugal filters (ULTRACEL-3K). SEC was performed on an
AKTA PURE chromatography system (GE Healthcare) equipped with online
UV monitoring at 280 nm equilibrated and developed in PBS.

Mass spectrometry and N-terminal sequencing

Bands of interest were cut from a Coomassie blue—stained SDS-PAGE gel
and digested with trypsin (Serva). The N-terminal parts of the proteins
were analyzed by N-terminal sequencing. After running the proteins
through gel electrophoresis, the proteins were transferred semidry to a pol-
yvinylidene difluoride membrane. The membrane was consecutively
stained for 3—4 min with Coomassie brilliant blue, destained with destain-
ing solution (50% methanol, 7% acetic acid) for 10 min, and washed for
10 min with distilled water. After cutting the bands of interest, the bands
were air dried and analyzed using a MALDI-TOF/TOF 4800 Analyzer
(Applied Biosystems).

NF-kB reporter assay

The NF-kB assay was performed essentially as previously published (17).
HEK293T cells were transfected with the firefly luciferase reporter plasmid,
an internal control CMV Renilla luciferase plasmid, and BCMA plasmid.
Mouse APRIL (AdipoGen) or BAFF (R&D Systems) was added to a dilu-
tion series of STACI-l or sSTACI-s (0.0024-37.5 nM) at a concentration of
100 ng/ml (~3 nM) 8 h after transfection. The sSTACI + ligand mixture was
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incubated at 37°C for 30 min and then added to the transfected cells.
NF-kB activation was measured 17 h later. Cells were lysed with pas-
sive lysis buffer from Promega. To detect the reporter proteins, a sub-
strate mix of luciferin and ATP (Biozym Scientific GmbH) was used for
firefly luciferase and coelenterazine (Promega) for Renilla luciferase.
Luminescence was monitored with the PerkinElmer Victor2 1420 Multi-
label Counter.

Cell culture and analysis of shedding using enzyme inhibitors

PBMCs were isolated by standard density gradient separation using Pancoll
(PAN Biotech). The differentiation of human B cells to Ab-secreting cells
was essentially done as described previously (34—36). PBMCs were seeded
at 1 x 10° cells/ml, stimulated with IL-2 (1000 IU/ml; R&D Systems) and
R848 (2.5 pg/ml; Sigma-Aldrich) in RPMI 1640 supplemented with 10%
FCS (MilliporeSigma) and penicillin-streptomycin (Life Technologies). After
3 d, PBMCs were washed and seeded at a concentration of 2 x 10° cells/ml,
and after an additional 5 d, supernatants were collected. Secreted IgG was
quantified by ELISA (Mabtech, Nacka Strand, Sweden). The human
lymphoma cell lines Raji (CCL-86; American Type Culture Collection
[ATCC]), which releases TACI (17), and JK-6L (kindly provided by Dr.
Silke Meister, Erlangen) (37), which releases SBCMA (25), were cultured in
RPMI 1640 media (Sigma-Aldrich) supplemented with 10% FCS and penicil-
lin-streptomycin. For culture of JK-6L, IL-6 (2.5 ng/ml; BioTechne GmbH)
was added. Furthermore, for specific analysis of y-secretase-mediated shedding
(25), HEK 293T (CRL-3216; ATCC) or HeLa (CRM-CCL-2; ATCC) cells
were transiently transfected using Lipofectamine 2000 (11668019; Thermo
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FIGURE 1. Analysis of recombinant sSTACI-1 and sSTACI-s. (A) Illustration of sTACI-l and sTACI-s adapted from (30). Numbers correspond to amino
acid residues of TACI present in recombinant sSTACI-1 and sTACI-s (23). (B) sTACI-I (lane 1) and STACI-s (lane 2) were separated by SDS-PAGE and visu-
alized by Coomassie blue staining. Bands indicated with a—e were cut and analyzed by mass spectrometry after digestion with trypsin and by N-terminal
sequencing (after protein transfer to polyvinylidene difluoride membrane, Coomassie blue staining, and consecutive cutting). (C—E) Amino acid sequences
obtained by mass spectrometry are shown, and peptides identified are underlined. Portions of sSTACI-I (C) and sTACI-s (D, E) that were not detected by mass
spectrometry are indicated with italic letters. Major sequences obtained by N-terminal sequencing of bands a—e are indicated with a gray line. The initial
DAA is vector derived. (F) STACI-] was treated with heat denaturation at 95°C for 5 min, DTT, or both and compared with nontreated sTACI-1. The dimer,
monomer, and degradation product of sSTACI-I are indicated. Coomassie blue—stained SDS-PAGE was used for analysis.
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Fisher Scientific) with BCMA, TACI-l, or TACI-s (in pcDNA3.1). To transfect
HEK293T cells, 10 g DNA per 3 x 10° cells was applied. To transfect HeLa
cells, 14 pg DNA per 2 x 10° cells was applied. Metalloproteases were inhib-
ited with TAPI-1 (EMD Chemicals/Calbiochem, Gibbstown, NJ) for a disinte-
grin and metalloproteinase domain-containing protein 10 (ADAMI10) and
ADAMI17. GI254023X (Sigma-Aldrich) was used to specifically block
ADAMI0. The following -y-secretase inhibitors were used: (2S)-N-[(3,5-Difluo-
rophenyl)acetyl]-L-alanyl-2-phenyl]glycine 1,1-dimethylethyl ester (DAPT) (Cal-
biochem Merck, Darmstadt, Germany), DAPT GSI-IX (Absource Diagnostics
GmbH, Munich, Germany), L685458 (R&D Systems), RO4929097 (Absource
Diagnostics), and the stereoisomer SSR of LY-411575, referred to as LY-
411575-1 (Sigma-Aldrich). Corresponding volumes of DMSO (Sigma-Aldrich)
were used as vehicle controls. Cells were treated with different inhibitors for 24
h at the indicated concentrations, and supernatants were harvested to evaluate
shedding by ELISA. STACI was detected by Human TACI/TNFRSF13B Duo-
Set ELISA, and STACI-s and sTACI-l were detected as described above.
sBCMA was quantified using the Human BCMA/TNFRSF17 DuoSet ELISA
(BioTechne GmbH).

Statistics

Prism version 8.0 software (GraphPad Software) was used for analysis. Statis-
tical significance was assessed by paired two-tailed ¢ test and Mann-Whitney
U test. *p < 0.05 and **p < 0.005 were considered significant.

A

ISOFORMS OF SOLUBLE TACI

Results
Characterization of recombinant sSTACI-I and sTACI-s

STACI-Il has two CRDs (CRDI1 and CRD2), whereas sTACI-s has
only one (CRD2) (Fig. 1A). We expressed both proteins recombi-
nantly and pooled 14 independent purifications for STACI-1 and 5
independent purifications for sTACI-s. We produced pure but het-
erogeneous proteins as judged from Coomassie blue—stained SDS-
PAGE gels under reducing conditions. The recombinant proteins
were analyzed by mass spectrometry and N-terminal sequencing
(Fig. 1B-1E). Coomassie staining (Fig. 1B) showed that both sTACI-]
and sTACI-s migrated as doublet or broad bands. N-terminal
sequencing of the excised upper bands yielded mainly the pre-
dicted mature N-terminal sequence of these constructs (DAAMS),
whereas the lower bands yielded mainly sequences starting with
Ser13 of TACI (SRVDQE) (Fig. 1C, 1D). This is consistent with
furin-mediated cleavage after Argl2 in the sequence Arg9-Gly10-
Glyl1-Argl2. Indeed, furin is a major protease of the secretory
pathway primarily located at the Golgi apparatus that cleaves pro-
teins after basic residues in motifs such as Arg-X-X-Arg, Arg-X-
Lys/Arg-Arg, or Lys/Arg-X-X-X-Lys/Arg-Arg (38). Tryptic digests
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FIGURE 2. Oligomerization of TACI-1 and TACI-s. (A) SEC UV chromatogram profile of sSTACI-l. The sTACI-1 monomer is indicated by the inscription
1X and a gray rectangle, and the sSTACI-I dimer is indicated by 2X and a rectangle with dotted lines. (B) Fractions 1-11 of the SEC (shown in A) were sepa-
rated by SDS-PAGE under nonreducing conditions and stained with Coomassie blue. (C) sSTACI-s was analyzed by SEC, and the resulting UV chromatogram
is shown. sSTACI-s is indicated by the inscription (1-20-W-68-154) and a rectangle with dotted lines, and the degradation product of sTACI-s (16-20-W-68-
135) is indicated with a gray rectangle. S1-S4 indicate higher-grade oligomers of sTACI-s (validated by ELISA). (D) Fractions 12-20 of the SEC (shown in
C) were separated by SDS-PAGE under nonreducing conditions and stained with Coomassie blue. The numbers below the x-axis indicate the fractions that
were used for Coomassie blue staining. (E and F) HEK293T cells were cotransfected with TACI-coding plasmids that either contained an HA tag or a Flag
tag. Anti-Flag beads were used for co-IP and a sandwich ELISA against the HA tag for detection of protein—protein interactions. The supernatants (E) and
cell lysates (F) were harvested 48—72 h after transfection. Small fractions of each condition were saved before Flag immunoprecipitation (IP; pre-IP). The
pre- and post-IP samples were then measured by anti-HA ELISA. The different conditions are indicated in the legend below the graph. Pre-IP samples are
indicated by gray and post-IP samples by white columns. Supernatant corresponds to soluble TACI (sTACI) and cell-lysate to membrane-bound TACI
(=mTACI). Combined data of three independent experiments are shown (mean + SEM).
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of TACI bands followed by mass spectrometric analysis of peptides
identified peptides covering aa residues 13—-154 of sTACI-l and aa
residues 13—108 of sTACI-s (Fig. IB—1D). A smaller band present
in the sTACI-s preparation was identified as starting at Serl3 but
lacking the C-terminal tryptic peptide 89-108 (Fig. 1E). sTACI-I
appeared at m.w. suggesting that, in addition to the monomeric
form, preparations contain also a dimer (Fig. 1F). The reducing
agent DTT, but not heat denaturation for 5 min at 95°C, was able to
convert STACI-l dimer into monomers (Fig. 1F). In summary, we
produced both sTACI isoforms recombinantly.

Oligomerization of STACI-l and sTACI-s

To study the oligomerization we observed in Fig. 1F, we used SEC
and co-IP of tagged proteins. SEC revealed that STACI-] contains
both dimers and monomers (Fig. 2A), which was validated by SDS-
PAGE of the different fractions under nonreducing conditions (Fig.
2B). The SEC chromatogram of sTACI-s revealed a major peak of
monomers preceded by less abundant putative oligomers of higher
m.w. and followed by a smaller peak (Fig. 2C). SDS-PAGE indi-
cated that the two major peaks of sTACI-s consisted of the mono-
mer and the degradation product already characterized in the input
(Fig. 2D, Fig. 1E). m.w. estimations revealed that S1-S4 were mul-
timers of STACI-s (S4 = 3x sTACI-s, S3 = 6X sTACI-s, S2 = 9x
STACI-s, S1 = 12X sTACI-s); these fractions were confirmed to
consist of STACI by ELISA.

We next investigated the oligomerization of TACI-1 and TACI-s
in both soluble and, as a control, membrane-bound form by co-IP in
transfected cells. We specifically tested whether sTACI-s can build
oligomers and if there is a direct interaction between both soluble
isoforms. TACI constructs with N-terminal HA or Flag tag were
immunoprecipitated with anti-Flag M2 magnetic beads. Supernatants
were used to evaluate shed sTACI (Fig. 2E) and cell lysates for
membrane-bound TACI (Fig. 2F). Both sTACI isoforms built
homo-oligomers in soluble and membrane-bound form (Fig. 2E,
2F). Additionally, heteromers of both splice variants formed (Fig.
2E, 2F). Thus, TACI-l and TACI-s build homo- and hetero-oligom-
ers in both soluble and membrane-bound form.

BAFF and APRIL binding of sTACI-l and sTACI-s

We analyzed the interaction of sSTACI-1 and sTACI-s with BAFF
and APRIL. We used ELISAs to evaluate the binding capacity and
a luciferase-based NF-«kB reporter assay to analyze functionality as
a decoy receptor. We found that STACI-1 bound significantly better
to BAFF than sTACI-s before the assay reached saturation
(0.0024-0.3000 nM; Fig. 3A). To an even greater extent, STACI-1
showed a significantly stronger binding capacity for APRIL than
sTACI-s over a wide range of concentrations (0.012—-1.5000 nM;
Fig. 3B). One feature of soluble receptors is their ability to bind to
their original ligands as decoy receptors. These interactions prevent
ligands from binding to membrane-bound receptors, inhibiting
their biological function. Thus, we analyzed the decoy receptor
function of sTACI-1 and sTACI-s by testing their capacity to pre-
vent BAFF and APRIL stimulation of transfected BCMA. We
found that both sTACI-l and sTACI-s similarly inhibited BAFF
(Fig. 3C) but that only sTACI-I also blocked APRIL at roughly
stoichiometric amounts (Fig. 3D).

Because we observed that sTACI-1 appeared as both monomer
and dimer, we specifically analyzed how SEC-separated sTACI-1
monomers and dimers bind and inhibit BAFF and APRIL. We
found that the monomer and the dimer of STACI-I bound similarly
to BAFF and APRIL, although sTACI-l dimer bound slightly better
than the monomer at nonsaturating concentrations until the assay
reached saturation (0.0024-0.0600 nM) (Fig. 4A, 4B). Accordingly,
STACI-1 monomer and dimer had similar potency to inhibit BAFF
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FIGURE 3. Binding and decoy activities of sTACI-l and sTACI-s.
(A and B) Plates were coated with the anti-Flag mAb. Flag-tagged ligands
(BAFF, APRIL) were added (100 ng/ml), and a dilution series of sTACI-s
or sSTACI-I was applied. Bound sTACI variants were detected with the anti-
TACI detection Ab from the Human TACI/TNFRSF13B DuoSet ELISA.
The y-axis shows OD 450-OD 540 normalized against the background
binding of the used ligand to the plate (normalized against conditions with
only BAFF [A] or APRIL [B] added to the coated plates). Combined data
of five or six independent experiments (mean + SEM) are shown. Mann-
Whitney U test in (B) and (C) (*p < 0.05, **p < 0.005). (C and D)
HEK293T cells were transfected with BCMA, Renilla luciferase, and NF-
kB-driven firefly luciferase. Flag-tagged BAFF (C) and APRIL (D) at a
constant concentration of 3 nM were added to the transfected cells in the
presence of a dilution series of either sSTACI-l1 or sTACI-s (0.0024-37.5
nM). The concentration of the sTACI isoforms is shown on the x-axis, and
the NF-«kB fold induction is shown on the y-axis. Mann-Whitney U test in
(©) (*p < 0.05, **p < 0.005). Combined data of six independent experi-
ments are shown (mean = SEM).

and APRIL, although sTACI-1 dimer appeared slightly more potent
than the monomer (Fig. 4C, 4D). In summary, binding assays
by ELISA and NF-kB reporter assays showed that both forms
of sTACI block BAFF but that only sTACI-I can additionally
block APRIL. No striking difference between sTACI-1 monomer
and dimer was found.

Validation of isoform-specific ELISAs

First, we evaluated whether we can detect both recombinantly pro-
duced sTACI isoforms using a commercially available TACI ELISA
kit and found that the kit detected both isoforms over a wide range
of concentrations (50—10,000 pg/ml) (Fig. SA). Clone B10 (Fig. 5B)
and the commercially available clone 3H11 (Fig. 5C) were selected
to detect STACI-I, and clone 9C5 was selected to detect STACI-s
(Fig. 5D, 5E). Overnight incubation increased the sensitivity of the
sTACI-s (Fig. S5E). The isoform-specific Abs detected their corre-
sponding sTACI isoform over a wide range of concentrations
(100-10,000 pg/ml) (Fig. 5B-5D). Only clone B10 showed cross-
reactivity for sSTACI-s at high concentration (5,000-10,000 pg/ml),
whereas the clone 11H3 remained sTACI-1 specific at these high
concentrations (Fig. 5C). In summary, the clones B10, 11H3, and
9C5 can be used in ELISA-based assays to differentiate between
STACI-1 and STACI-s.
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FIGURE 4. Effects of dimerization of TACI-1 on binding and decoy
activities. STACI-1 monomers and dimers were separated by SEC (see
Fig. 3), and their concentrations were determined by ELISA. The separated
fractions were analyzed for binding to BAFF and APRIL (A and B) and for
decoy activity blocking BAFF and APRIL (C and D). (A and B) Plates were
coated with anti-Flag mAb. Flag-tagged BAFF or APRIL was added
(3 nM) in the presence of a dilution series of the sSTACI-I dimers or mono-
mers. The OD values OD450-OD540 normalized against the background
binding of the used ligand to the plate (normalized against conditions with
only BAFF [A] or APRIL [B] added to the coated plates) are displayed.
Combined data of six independent experiments (mean + SEM) are shown.
Mann-Whitney U test in (B) and (C) (*p < 0.05, **p < 0.005). (C and D)
HEK293T cells were transfected with BCMA, Renilla luciferase, and
NEF-kB-driven firefly luciferase. Flag-tagged BAFF (C) and APRIL (D) were
added at a constant concentration of 3 nM to the transfected cells in the pres-
ence of a dilution series of either STACI-1 or STACI-s (0.0024-37.5 nM). The
concentration of the sTACI isoforms is shown on the x-axis, and the NF-xB
fold induction is shown on the y-axis. Combined data of three independent
experiments are shown (mean + SEM).
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Proteases involved in shedding of TACI-l and TACI-s

First, we used enzyme inhibitors and analyzed the spontaneous
release of TACI isoforms by Raji cells. We noted that also these
cells released more sSTACI-1 (267 + 54 pg/ml) than sTACI-s (126 +
78 pg/ml). The release of STACI-1 was inhibited by the ADAM10-
specific inhibitor GI254023X and to a lesser extent by TAPI-1
(inhibits ADAM10 and ADAM17), but not by the -y-secretase inhib-
itor DAPT (Fig. 6A). Our data indicated that GI254023X also inhib-
ited shedding of sTACI-s, whereas the ~y-secretase-inhibitor DAPT
had no effect (Fig. 6B). For comparison, we used the myeloma cell
line JK6 that releases SBCMA and also used several +y-secretase
inhibitors (Fig. 6C). These experiments confirm our previous obser-
vation that SBCMA is released by -y-secretase (25). We additionally
investigated the release of STACI from activated human B cells
(Supplemental Fig. 1) and found that the shedding of total sSTACI
and of the prevalent isoform sTACI-l (Fig. 7A) was inhibited by
GI254023X. Because the absolute amounts of sTACI-s in these
experiments were rather low, and because TACI-s, like BCMA,
contains a single CRD, we analyzed the potential impact of the
vy-secretase in further experiments thoroughly comparing the shed-
ding of BCMA, TACI-s, and TACI-l. We transiently transfected
BCMA, TACI-s, and TACI-l into HEK293T (Fig. 6D-6F) or HeLa
cells (Fig. 6G-6I). Because +y-secretase is ubiquitously expressed,

ISOFORMS OF SOLUBLE TACI

these cell culture systems have proven value to identify substrates of
y-secretase (25). We used several known -+y-secretase inhibitors.
Both cell culture systems with HeLa and HEK cells yielded the
same results. The shedding of TACI-I (Fig. 6D, 6G) and TACI-s
(Fig. 6E, 6H) was not blocked by inhibiting vy-secretase, in contrast
to the shedding of BCMA (Fig. 6F, 6I). Collectively, these experi-
ments indicate that sSTACI-s is released by ADAMI0 and not by
y-secretase.

STACI-1 is the prevalent isoform in human serum

TACI expression on the cell surface is induced when B cells differ-
entiate into plasmablasts (17). Here, we analyzed whether both
TACI isoforms are shed from activated B cells. PBMCs from three
different healthy donors (Supplemental Table I) were activated with
R848 and IL-2, which resulted in plasmablast differentiation with
detection of IgG in the supernatant (35, 36). We found that both
STACI-] and sTACI-s are shed from human plasmablasts and noted
that STACI-l is ~10 times more abundant than sTACI-s (Fig. 7A).
Next, we analyzed the presence of sTACI isoforms in serum. We
thereby found that the level of sTACI-1 was similar to the level
of total sSTACI (Fig. 7B). Furthermore, we studied if vaccination
enhanced the level of STACI in serum. To this end, we analyzed
12 sample pairs pre- and postvaccination (12-20 d after vacci-
nation with the mRNA vaccine from BioNTech [BNT162b2]).
We found that sTACI (Fig. 7C) and sTACI-1 (Fig. 7D) levels
were not significantly increased postvaccination. Thus, activation
of Ag-specific B cells after vaccination (39) did not enhance the
total level of sSTACI in serum. Together, this part of our analysis
showed that sSTACI-I is the predominant isoform secreted by pri-
mary plasmablasts as well as the prevalent isoform in human
serum.

Discussion

In this study, we identified and characterized the two splice variants
of human TACI in soluble form. We show that both isoforms are
released by primary human plasmablasts and the lymphoma cell line
Raji. sSTACI-l is the predominant isoform secreted in vitro and also
in human serum. We provide insights into the mechanism behind
their shedding and characterize their decoy activity as well as oligo-
merization status.

The proteolytic ectodomain shedding of membrane proteins in
mammals is a key cellular mechanism to control the abundance and
activation of membrane receptors and to release decoys (40, 41).
This shedding can be executed by proteases of different families,
such as ADAM and [-site amyloid precursor protein cleaving
enzyme family proteases and intramembrane or soluble proteases
(42). Previous work has revealed different proteolytic mechanisms
mediating the shedding of BAFF/APRIL receptors (27). BCMA is
directly shed by vy-secretase (25), a ubiquitous intramembrane prote-
ase for type I-oriented membrane proteins with N-termini present
on the extracellular side, as is the case for BCMA, BAFF-R, and
TACIL BAFF-R is shed by ADAM10 and ADAM17 when BAFF
has bound to TACI (26). TACI has been investigated as the long
isoform TACI-l, and it was found to be shed by ADAMI10 indepen-
dent of ligand binding followed by the processing of the membrane
stub by <y-secretase (17). The shedding of TACI-1 by ADAMIO is
confirmed in this study. The shedding of TACI-s has not been eval-
uated so far. BCMA was previously identified as the first natural
membrane protein to be directly shed by y-secretase (25). The pre-
cise identification of receptors for BAFF and APRIL that are
cleaved or not by +y-secretase is of relevance, because a therapeutic
approach combining anti-BCMA with inhibition of +y-secretase is
currently in clinical evaluation (7). Because TACI-s has a single
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TNFRSF13B DuoSet ELISA kit (DY174). (B—E) To detect sTACI isoforms, ELISA plates were coated with the TACI-l-specific mAb B10 (B), the coating
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TACI-s or the TACI-l-specific biotinylated 11H3 (C). Absorbance was measured (absorbance 450-540), and the background of the blank was subtracted

(OD; y-axis).

extracellular CRD, like BCMA, it was a candidate for shedding by
y-secretase. Our data indicate that not only the long but also the
short isoform of TACI is shed by ADAMI10 and not by ~y-secretase,
like BCMA. It is known that the shedding by +y-secretase is heavily
influenced by the length of the extracellular part of the substrate;
cleavage of proteins with an extracellular domain fewer than ~100
aa were cleaved by +y-secretase with much greater efficiency (43).
Doubling of the extracellular part of BCMA from 54 aa to 108 aa
largely abrogated the shedding by vy-secretase (25). We assume that
the total length of the extracellular part of sTACI-s with 119 aa is
the reason why it is not directly processed by +y-secretase.

We found that both isoforms of TACI were spontaneously shed
from activated human B cells, with sSTACI-1 being much more abun-
dant than sTACI-s. Shed soluble receptors add another layer of
complexity to the BAFF/APRIL system because they can capture
the ligands and prevent them from binding to the membrane-bound
receptors. We had previously reported that sSTACI functions as such
a decoy for BAFF and APRIL, but we could not differentiate in that

study between the two isoforms (17). Therefore, we investigated
whether both soluble isoforms can be decoys for BAFF and APRIL.
The present study reveals differences in ligand binding between the
two soluble isoforms of TACIL Although STACI-l and sTACI-s
bound BAFF similarly, sTACI-1 was superior in APRIL binding.
We observed this difference in both binding and NF-kB reporter
assays. We went on to analyze the linkage between the extracellular
domain structure, oligomerization, and decoy activity in detail. Olig-
omerization is a prominent feature of many components of the
BAFF/APRIL system. BAFF and APRIL assemble as trimers
(44-46), just like TNF and other TNF ligand superfamily members
(47). TACI- builds oligomers in soluble and membrane-bound form
(17). TACI-s builds oligomers in membrane-bound form (homo-
oligomers) and interacts with TACI-1 as well (hetero-oligomers)
(31). TACI-] contains, in contrast to TACI-s, the CRD1 domain,
which is proposed to facilitate oligomerization (24). In line with
this, we found that sSTACI-1 showed a higher degree of oligomeri-
zation than sSTACI-s. We noted that dimers of sTACI-I have only
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FIGURE 6. Proteases releasing sTACI-1, sSTACI-s, and sSBCMA. Raji (A and B) and JK-6L cells (C) were treated with the indicated enzyme inhibitors for
24 h. The released sTACI-I (white columns), sSTACI-s (light gray columns), and sSBCMA (dark gray columns) were quantified by ELISA and normalized to
untreated cells. HEK293T cells (D-F) and HeLa cells (G-I) were transiently transfected with TACI-1 (D and G), TACI-s (E and H), or BCMA (F and I). Cells
were treated with the indicated inhibitors for 24 h, and supernatants were harvested to evaluate shedding by ELISA. Combined data of two to four indepen-
dent experiments are shown (mean = SEM). The values in culture medium without inhibitors were set to 100%, and the effects of the inhibitors were calcu-

lated in relation to the noninhibitor (culture medium—only) control.

a slightly higher binding and decoy activity than monomeric
STACI-1. This part of our study suggests that the presence of both
CRD1 and CRD2 in sTACI-I specifically increases its binding
and decoy activity for APRIL. (Hetero-)oligomers of BAFF and
APRIL have been characterized in vivo (48, 49). Oligomerization
seems to be of functional relevance for membrane-bound TACI
(50), and future studies will show whether the oligomers of solu-
ble TACI isoforms are of biological significance.

STACI might be a useful biomarker in inflammatory diseases
and certain B cell-derived malignancies. In systemic lupus ery-
thematosus, sTACI is elevated in serum (17, 51, 52) and might
correlate with disease activity (17, 52). In rheumatoid arthritis,
elevated levels of APRIL and sSBCMA, but not of sTACI, were
observed (53). In neuroinflammatory diseases such as MS and
neuroborreliosis, STACI is elevated in the cerebrospinal fluid
and reflects local IgG production, which further indicates a rele-
vant role of Ab-secreting cells in releasing sTACI (10, 17, 27).
TACI, however, is expressed not only by Ab-secreting cells but
also by a subset of memory B cells, marginal zone B cells, and

Bl cells (54). Nevertheless, Ab-secreting cells are major con-
tributors to sTACI release (17, 55).

B cell-depleting therapy with anti-CD20 in MS reduces
unbound sTACI in serum and spinal fluid due to increased
complex formation with BAFF (56); it is tempting to speculate
that this reduction of sTACI is beneficial in MS, because the
application of sTACI (atacicept) unexpectedly worsened MS
(11). In an oncological setting, primary CNS lymphoma,
SsTACI is a biomarker useful for initial diagnosis and also ther-
apy responses (18). We present here specific ELISAs that dis-
tinguish sTACI-s and sTACI-1. We found that sTACI-I is the
predominant isoform in serum and that vaccination did not sig-
nificantly increase sTACI and sTACI-1 levels. These isoform-
specific ELISAs offer the possibility to improve the utility of
STACI-1 as a biomarker in lymphoma and autoimmune dis-
eases, but further studies are needed to evaluate the relevance
of STACI-s.

Collectively, we present tools that distinguish two isoforms of
STACI and show that both were spontaneously released from
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FIGURE 7. TACI- is the predominant isoform released by plasmablasts in vitro and also in serum. (A) PBMCs from three healthy control subjects were
differentiated into plasmablasts. STACI-1 and sTACI-s were detected with isoform-specific ELISAs. (B) Evaluation of sTACI-1 and sSTACI levels in healthy
control subjects in serum samples prevaccination and 12-20 d postvaccination with the BioNTech mRNA vaccine. (C and D) Comparison of sTACI (C) or
STACI-1 levels (D) pre- and postvaccination. The y-axis is shown as log, scale. Values obtained from the same cell culture supernatant (A), serum (B), or sam-
ples from the same individual pre- and postvaccination (C and D) are connected. Paired two-tailed t-test (* p < 0.05). ns, not significant.

activated human B cells, with a predominance of STACI-1. sTACI-1
is also the dominant isoform in human serum. Both TACI-l and
TACI-s are shed by ADAMI0, although TACI-s comprises only
one CRD like BCMA, which is directly shed by +y-secretase.
STACI-I and sTACI-s acted as decoy receptors for BAFF, but only
sTACI-I also efficiently inhibited APRIL. Although sTACI-s was
mainly monomeric, STACI-1 also formed dimers whose binding
and decoy activities were slightly higher than, but not fundamen-
tally different from, those of the monomers. Thus, we provide new
insights into the complexity of the BAFF/APRIL system, which is
a therapeutic target in hemato-oncology and autoimmune diseases.
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Figure S1: Proteases releasing sTACI from activated human B cells.

B cells of three donors were differentiated to plasmablasts and treated with the indicated enzyme
inhibitors for 24 h. The released sTACI (A) or sTACI-1 (B) were quantified by ELISA and
normalized to untreated cells. Combined data of 3 independent experiments (mean +/- SEM).
The values in culture medium without inhibitors were set to 100% and the effects of the

inhibitors were calculated in relation to the non-inhibitor (= culture medium only) control.
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Supplementary Table 1. Characteristics and demographics of human specimens

Subject Age at Serum | B cells used | Part of Time in days after
ID TOC; sex for vaccination study | vaccination with BioNTech
(f/m) activation mRNA (=post)
#1 32; m + - + 15
#2 58; m + - + 14
#3 23 (=pre) + - + 16
and 24
(= post); T
#4 52; f + + 14
#5 32; f + - + 13
#6 27, f + - + 15
#7 26; f + + 15
#8 23; m + - + 19
#9 23; m + - + 12
#10 49; m + - + 20
#11 38, m + - + 14
#12 27; m + - + 14
HC 15 25; m - + - -
HC 19 33; f - + - -
HC 28 30; m - + - -

Abbreviations: HC = healthy control; TOC = time of collection
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