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Multiple myeloma (MM) is an aggressive incurable plasma cell malignancy with a median
life expectancy of less than seven years. Antibody-based therapies have demonstrated sub-
stantial clinical benefit for patients with hematological malignancies, particular in B cell
Non-Hodgkin’s lymphoma. The lack of immunotherapies specifically targeting MM cells
led us to develop a human-mouse chimeric antibody directed against the B cell maturation
antigen (BCMA), which is almost exclusively expressed on plasma cells and multiple
myeloma cells. The high affinity antibody blocks the binding of the native ligands APRIL
and BAFF to BCMA. This finding is rationalized by the high resolution crystal structure of
the Fab fragment in complex with the extracellular domain of BCMA. Most importantly,
the antibody effectively depletes MM cells in vitro and in vivo and substantially prolongs
tumor-free survival under therapeutic conditions in a xenograft mouse model. A BCMA-
antibody-based therapy is therefore a promising option for the effective treatment of mul-
tiple myeloma and autoimmune diseases.
© 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights
reserved.

1. Introduction

their precursors (Palumbo and Anderson, 2011; Raab et al,,
2009). High dose chemotherapy followed by autologous stem

Multiple myeloma (MM) is an aggressive neoplasm resulting cell transplantation has prolonged survival after diagnosis
from the malignant transformation of plasma cells (PCs) and by approximately 4—5 years (Hideshima and Anderson, 2002;
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Munshi and Anderson, 2013; Palumbo and Anderson, 2011;
Raab et al., 2009; Richardson et al., 2003; Yang and Yi, 2011).
The recent introduction of anti-angiogenic drugs like thalido-
mide or lenalidomide and the proteasome inhibitor bortezo-
mib into the clinic has improved the median survival of MM
patients to 5—7 years (Hideshima and Anderson, 2002;
Munshi and Anderson, 2013; Palumbo and Anderson, 2011;
Raab et al., 2009; Richardson et al., 2003; Yang and Yi, 2011).
However, despite these advances, MM is still incurable in
most patients. Therefore, the need for new drugs for efficient
clearance of the malignant cells remains.

During the past two decades monoclonal antibodies have
increasingly been used for the treatment of hematological ma-
lignancies. For example, treatment with Rituximab, a mono-
clonal antibody (mAb) against CD20, in combination with
chemotherapy, has dramatically improved the long-term sur-
vival of patients suffering from Non-Hodgkin’s Lymphoma
(Cheson and Leonard, 2008). Accordingly, mAbs targeting cell
surface molecules expressed on MM cells like CD38, CD70 or
CD138 are currently in preclinical development or in early
phase clinical trials. Strategies interfering with the tumor
growth-promoting bone marrow (BM) environment by target-
ing B cell growth factors such as IL-6, APRIL, and/or BAFF have
also reached the clinic (Munshi and Anderson, 2013; Rossi
et al.,, 2009; Tai and Anderson, 2011; Yang and Yi, 2011). How-
ever, there are as yet no approved antibody-based therapies
for MM. In addition, the epitopes of mAbs in clinical develop-
ment are not exclusively present on MM cells. CD38, for
instance, is also expressed on activated B and T cells
(Malavasi et al., 2008) and CD138 is present on epithelial cells
(Inki and Jalkanen, 1996). Therefore, we generated an antibody
against the B cell maturation antigen (BCMA), which is almost
exclusively expressed on plasma blasts and plasma cells but is
absent from naive, germinal center and memory B cells
(Benson et al., 2008; Darce et al., 2007; Good et al., 2009).
BCMA is a receptor for APRIL and BAFF and is known to be
important for the survival of long-lived PCs in the BM
(O’Connor et al., 2004). Previous findings by Ryan et al. (2007)
showed that antibodies and antibody-drug conjugates (ADC)
directed against BCMA blocked APRIL binding and led to an
efficient depletion of MM cells in vitro (O’Connor et al., 2004).
It was not shown, however, whether such antibodies could
target MM cells in vivo. Here, we report the development of a
new chimeric antibody which binds with high affinity to the
ligand binding site of BCMA. This antibody blocks BCMA
signaling, efficiently depletes MM cells in vitro and in vivo
and substantially increases tumor-free survival in a mouse
model of MM. Our high resolution structure of the Fab in com-
plex with the extracellular domain of human BCMA provides a
detailed picture of the antibody’s epitope and will help to facil-
itate humanization and sequence optimization.

2. Methods
2.1. BCMA expression and purification
Human BCMA (residues 1-54) was expressed from the

pGEX6p-1 vector (GE Healthcare) as an N-terminal
glutathione-S-transferase (GST) fusion followed by a

PreScission cleavage site. Proteins were expressed in Escheri-
chia coli host strain Rosetta2-BL21-DE3, and bacteria were
cultured in TB medium at 37 °C to an ODgyo of 0.5 followed
by induction with 60 uM Isopropyl B-p-1-
thiogalactopyranoside (IPTG) and temperature shift to 18 °C
for overnight expression. Cells were resuspended in buffer A
(50 mM HEPES/NaOH, pH 7.5, 500 mM NaCl 1 pM DNase
(Roche), 500 uM Pefabloc (Roth)) and disrupted in a microfluid-
izer (Microfluidics). Cleared lysates (95,000 g, 1 h, 4 °C) were
incubated with Benzonase (Novagen) for 30 min at 4 °C prior
to application to a GSH column (Clontech). Protein was eluted
with buffer A containing 20 mM GSH. Fractions containing
BCMA were incubated with Hise-tagged PreScission protease
overnight at 4 °C. Non-cleaved BCMA and free GST were
removed by a second application to a GSH column. The
flow-through and four column volumes of washing buffer A
were collected and concentrated using 5 kDa mw cut-off con-
centrators (Amicon). Finally, BCMA was subjected to size
exclusion chromatography on a Superdex200 column (GE) in
buffer containing 20 mM HEPES/NaOH (pH 7.5), 300 mM
NaCl. Fractions containing BCMA were pooled, concentrated
and flash-frozen in liquid nitrogen.

2.2. Generation of hybridoma J22.9

C57BL/6 wild type mice were immunized with the human
BCMA extracellular domain (residues 1-54) N-terminally
fused to GST. Using standard hybridoma technology
(Yokoyama, 2006), splenocytes of immunized mice were fused
to x63-Ag 8.653 murine myeloma cells.

2.3. Production and purification of the chimeric
antibodies J22.9-xi and isoAb

Variable regions of the light and heavy chain of the mouse hy-
bridoma J22.9 were amplified and cloned upstream of the hu-
man kappa and IgGl constant domain genes, respectively
(Tiller et al., 2009). The chimeric J22.9-xi antibody was pro-
duced by transient cotransfection of the 2 chains in 293-6E
cells using the pTT vector system (Durocher et al., 2002). In
brief: 293-6E cells at 1.7 x 10° cells/ml in F17 medium were
transfected using polyethyleneimine with a 1:2.5 DNA:PEI
mixture of plasmid DNA carrying the heavy and light chain
genes with N-terminal secretion signal peptides, at a final con-
centration of 1 pg/ml culture. Two days after transfection,
cells were fed with 100% of the transfection volume of Free-
style F17 medium containing 1% tryptone N1 (Organo Tech-
nie). At day 7, cells were harvested by centrifugation and the
filtered (0.45 pum) culture medium was passed over 3.5 ml
UNOshpere SUPrA Protein A affinity medium (Bio-Rad). The
column was washed with 10 ml PBS and antibody eluted by
addition of 20 mM sodium acetate, 150 mM NacCl, pH 3.5.
2 ml fractions were collected directly into tubes containing
100 pl 1 M HEPES, pH 7.5 for neutralization. The final yield of
full length IgG was approximately 40 mg/1 culture.

The isotype control antibody (isoAb) comprising the J22.9-
xi heavy chain and a random chimeric kappa light chain
was produced in parallel with J22.9-xi. This antibody did not
bind to BCMA in either ELISA or flow cytometry.
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The N-linked oligosaccharide chains at Asn297 of J22.9-xi
were removed enzymatically using N-Glycosidase F (PNGase
F) (NEB). 10 mg of J22.9-xi were incubated with 15,000 units
PNGase F in 500 ul PBS (pH 7.4) for 36 h at 37 °C followed by
buffer exchange into sterile PBS.

2.4. Generation of Fab and Fab:BCMA complexes

(Fab), fragments were generated from full length J22.9-xi by
incubation with pepsin. Per mg J22.9-xi, 30 pg Pepsin was
added in 50 mM sodium acetate, pH 3.5. Incubation at 37 °C
for 2.5 h was sufficient to completely digest the F. and pepsin
was inactivated by exchange over a PD-10 column into PBS.
The reduction of the (Fab), fragments to individual Fabs was
accomplished in PBS by addition of 2-Mercaptoethylamine to
50 mM in the presence of 5 mM EDTA. After incubation for
90 min at 37 °C, the reduced cysteines were blocked by alkyl-
ation with 500 uM iodoacetamide for 30 min followed by buffer
exchange into PBS. Fab fragments were combined with 1.5
molar equivalents of purified BCMA and the complexes iso-
lated by size exclusion chromatography on a Superdex75 16/
60 column. Fractions were analyzed on 4—12% SDS polyacryl-
amide gels and fractions containing both Fab and BCMA were
pooled and concentrated for crystallization trials.

2.5. Crystallization of Fab:BCMA complexes

Concentrated complexes were supplemented with 0.5 molar
equivalents of pure BCMA to ensure saturation and were sub-
jected to crystallization screening. Initial Fab:BCMA crystalli-
zation conditions were identified from commercial screens
in 96-well sitting drop format plates using a Gryphon pipetting
robot (200 nl drops) and optimized in 24-well plates in hanging
drops (3 pl). Crystals were grown by mixing 1 ul of the complex
at a concentration of 8 mg/ml with 2 pl of 21% PEG 3350, 0.1 M
BisTris pH 6.5 and 5 mM CuCl, at 20 °C. Crystals appeared after
3 days as clusters of thin plates and attained their final size
(0.2—0.3 mm) within approximately 7 days. Clusters were
separated and individual plates were flash-frozen in liquid ni-
trogen in mother liquor with 20% glycerol as cryoprotectant.
Complete diffraction data from 42 to 1.74 A resolution were
collected from a single crystal at BL14.1 at BESSY II, Berlin.
Data were processed using the XDS program suite (Kabsch,
2010), and the structure was solved by molecular replacement
with MOLREP (Vagin and Teplyakov, 2010), using the structure
of Efalizumab (pdb i.d. 3EQ9) as the search model. The model
was built with COOT (Emsley et al., 2010) and iteratively
refined using PHENIX (Adams et al., 2010). The final model
comprises two heavy chains (residues 1-133, and 139—220 in
chain A and residues 1—135 and 141-220 in chain H), two light
chains (residues 1-213 in chain B and residues 1-213 in chain
L) and two BCMA molecules (residues 6—41 in chain F and res-
idues 8—37 in chain K). 98.4% of all residues are in the most
favored regions of the Ramachandran plot and no residue in
the disallowed regions, as analyzed by MolProbity (Chen
etal., 2010). Figures were prepared using the PyMOL Molecular
Graphics System, Version 1.5.0.4 (Schrodinger, LLC), domain
superpositions were performed with COOT (Emsley et al,
2010) and the schematic interaction diagrams were generated
using PDBSum (Laskowski et al., 1997).

2.6. Luciferase-based in vitro cytotoxicity assay

In order to test the cytotoxic potential of J22.9-xi, a luciferase-
based cytotoxicity assay was established using luciferase
transduced MM.1S-Luc cells. In this assay, only biolumines-
cence of living cells is detected, whereas luciferase released
by dead cells is non-functional due to insufficient ATP in the
medium (Fu et al., 2010). Peripheral blood mononuclear cells
(PBMCs) from five healthy donors were isolated from freshly
obtained filter buffy coats as described previously (Meyer
et al., 2005). After erythrocyte lysis, PBMCs were washed and
adjusted by dilution in RPMI/10% FCS w/o phenol red to
1 x 107 cells/ml. 5 x 10* MM.1S-Luc cells in 50 pul RPMI were
plated in microtiter plates. Ten minutes prior to addition of
100 pl PBMCs, MM.1S-Luc cells were incubated with J22.9-xi,
J22.9-xi-N-glycan or isoAb serial dilutions in sample volumes
of 200 pl. Before incubation at 37 °C with 5% CO,, microtiter
plates were centrifuged (300 g) for 2 min at room temperature
(RT). Control wells for complete lysis were treated with 1%
Triton X instead of antibody. After 4 h, 25 ul of PBS with lucif-
erin (250 ng/ml) were applied to each well, and biolumines-
cence was measured (Tecan). Cytotoxicity relative to isoAb
was calculated according to the following formula:

100 — [value(J22.9 — xi) — value(total lysis)]/[value(isoAb)
— value(total lysis)] = 100.

2.7. In vivo animal studies

Female SCID-Beige and NOD-SCID common gamma chain
mice (NSG) lacking functional B, T and NK cells were used.
The NSG strain additionally supports engraftments through
transgenic expression of the cytokines IL-3, CSF2 and KITLG,
boosting tumor growth. Experiments were performed on 6—8
week old mice. All animal studies were performed according
to institutional and state guidelines, under specific
pathogen-free conditions.

The xenograft model of MM was induced by tail vein injec-
tion of 1 x 10” MM.1S-Luc cells at day zero. Tumor challenged
animals developed hind limb paralysis within 6 (NSG) to 8
(SCID-Beige) weeks — the experimental endpoint of survival.

For efficacy studies, antibodies were administered intra-
peritoneally (i.p.) twice a week or on 5 consecutive days start-
ing at day zero. J22.9-xi was given in doses of 2, 20 or 200 pg per
injection; for isoAb, 200 pg/injection was used. Biolumines-
cence of MM.1S-Luc cells was measured weekly afteri.p. injec-
tion of 150 pg luciferin (Biosynth) using an IVIS Spectrum
(Caliper LifeSciences). Total flux values of 3 control mice ani-
mals were either subtracted from each measurement or are
shown in the graphs. Images were analyzed with Living Image
3.0 software (Caliper LifeScience).

To treat established tumors, antibody therapy was started
5 or 12 days after tumor challenge, and 200 pg isoAb or J22.9-xi
per injection administered twice weekly for a period of 6
weeks.

2.8. Supplemental methods

The methodological details of ELISA, EMSA, western blot and
flow cytometry analyses as well as information about cell
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lines and the statistical analyses are given in the supple-
mental data section.

3. Results
3.1 Strong and specific binding of J22.9-xi to BCMA

BCMA, a member of the tumor necrosis factor receptor super-
family, represents a potential target for therapeutic interven-
tion of multiple myeloma. We immunized mice with a purified
BCMA extracellular domain and used standard hybridoma
technology to isolate mAbs. Binding of mAb J22.9 to BCMA
was confirmed by ELISA (data not shown) and, subsequently,
its light and heavy chain variable regions were fused to the
human Igk and IgG1 constant domains, respectively, to pro-
duce the chimeric antibody J22.9-xi. J22.9-xi binds BCMA in
ELISA (Figure 1A). It also detects BCMA on the human MM
cell lines MM.1S, NCI-H929, OPM-2, and RPMI-8226, as shown
by flow cytometry (Figure 1B), but does not bind to BCMA-
negative Jurkat cells (Figure 1C). The affinity, determined us-
ing surface plasmon resonance, was 54 pM (Figure 1D), mak-
ing J22.9-xi the highest affinity ligand known for BCMA. Flow
cytometry analyses revealed that cells from bone marrow of
MM patients were detectable using an anti-CD138 antibody
and J22.9-xi (Figure 1E).

3.2.  ]J22.9-xi blocks ligand interaction and APRIL-
induced NF-xB activation

BCMA activates canonical and/or non-canonical nuclear fac-
tor-kB (NF-«B) pathways (Rickert et al., 2011) and triggers sig-
nals important for survival of MM and PCs in vivo through
interaction with APRIL and/or BAFF (Mackay et al., 2003). We
could demonstrate that J22.9-xi interferes with ligand binding
to BCMA, whereas no blocking effect was observed with our
control antibody isoAb (Figure 2A). Likewise, J22.9-xi inter-
fered with APRIL-induced phosphorylation of the T-loop acti-
vation domain in IKK and subsequent IkBa degradation
(Figure 2B) leading to a reduced NF-«kB DNA-binding activity
in NCI-H929 cells (Figure 2C). Addition of J22.9-xi alone acti-
vated neither the canonical nor the non-canonical NF-«B
pathway, as analyzed by IKK phosphorylation, IkB degrada-
tion and NF-kB2 pl00 processing, in all tested cell lines
(Figure S1A-C). High levels of processed NF-kB B2 p52 indicate
that multiple myeloma derived cell lines already display
constitutive non-canonical NF-kB signaling (Figure S1A and B).

We next analyzed whether antibody treatment affected
JNK or PI3K/AKT signaling. MM cells have been shown to
display constitutive AKT activation (Hsu et al, 2001;
Ramakrishnan et al,, 2012). Accordingly, we observed strong
and constitutive AKT phosphorylation in NCI-H929 cells,
which was not further increased by platelet derived growth
factor (PDGF) treatment. Application of J22.9-xi did not inter-
fere with AKT activation (Figure S1D). In addition, we observed
that J22.9-xi induces JNK phosphorylation (Figure S1E). How-
ever, treatment with the control antibody isoAb resulted in
the same or even stronger JNK activation, indicating that anti-
body treatment causes a BCMA-independent JNK activation
(Figure S1E). In line with these observations, ]J22.9-xi showed

no effect on the viability of NCI-H929 cells (Figure S1F). In
summary, our pathway analyses indicate a specific inhibitory
function of J22.9-xi for BCMA-mediated NF-«B activation.

3.3.  ]J22.9-xi recognizes the physiological BCMA epitope

To understand these observations on a molecular level, we
determined the crystal structure of the J22.9-xi Fab fragment
in complex with the purified 54 amino acid residue BCMA
extracellular domain to a maximal resolution of 1.89 A
(Figure 3A, Table S1). Two identical BCMA-Fab complexes
were present in the asymmetric unit. In the following, we
describe the complex with the better resolved BCMA mole-
cule. High quality electron density was observable for residues
6—41 of BCMA, including very well defined side chains in the
binding interface around the conserved DxL motif
(Figure S2A).

Direct contacts in the 740 A? interface are primarily hydro-
phobic, with the bulk occurring between BCMA and residues
from all three complementarity determining regions (CDRs)
of the J22.9-xi light chain (Figure 3C, Figure S2B,C). Although
the heavy chain contributes only six residues in total, at least
one residue from each CDR is involved in the interaction. In
addition, the interface comprises numerous water-mediated
contacts (Figure S2D). The BCMA epitope surface features
the DxL motif (Gordon et al., 2003), which protrudes into a cen-
tral cavity of the antigen binding site (Figure 3A—C).

Interestingly, the interaction with J22.9-xi covers most of
the BCMA epitope also targeted by APRIL (Hymowitz et al,,
2005) (10 of 14 residues) and BAFF (Liu et al., 2003) (10 of 16 res-
idues) (Figure 3B). As with APRIL and BAFF, the DxL motif is
completely surrounded by the ligand in the J22.9-xi Fab struc-
ture. This provides clear rationalization of the blocking effect
of J22.9-xi seen with BAFF and APRIL (Figure 2). The overall
conformation of BCMA in all three structures is very similar,
with a root mean square deviation (rmsd) of the C-alpha
atoms of 1.4 A between the J22.9-xi and APRIL complexes
and 1.5 A between the J22.9-xi and BAFF complexes
(Figure 3D). Strikingly, the respective C-alpha rmsds for the
J22.9-xi BCMA binding epitope (residues 13—30) are only 0.98
and 0.88 A. This indicates that J22.9-xi recognizes a functional
BCMA signaling conformation.

3.4. Strong cytotoxic effect of ]22.9-xi depends largely on
glycosylation

In order to test the cytotoxic potential of J22.9-xi, a luciferase-
based cytotoxicity assay was established using luciferase
transduced MM.1S-Luc cells. Lysis of MM.1S cells reached
18—35% in the presence of 125 ng/ml J22.9-xi and increased
to 56% at 1 pg/ml (Figure 4A). BCMA-negative Jurkat cells
were not depleted by J22.9-xi (Figure S3A).

Productive interaction of IgG1 with Fcy receptors (FcyR) on
effector cells or with the Clq protein of the complement
cascade is dependent on glycosylation of the antibody at posi-
tion 297 in the heavy chain constant region (Jefferis et al., 1998;
Nezlin and Ghetie, 2004; Shields et al., 2001). Deglycosylation
of J22.9-xi with PNGase F (J22.9-xi-N-glycan) was verified by a
shift in the apparent molecular mass of the heavy chain on
an SDS gel (Figure S3B). Although deglycosylation had no
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Figure 1 — ]J22.9-xi is a high affinity antibody for human BCMA. A) ELISA on BCMA-coated microtiter plates and B) flow cytometry analyses
using BCMA-positive MM.1S, NCI-H929, OPM-2, and RPMI-8226 cell lines. Chimeric antibodies were detected using an HRP-conjugated or
PE-conjugated goat anti-human secondary antibody, respectively. Experiments were performed in sextuplicate (A) and triplicate (B), respectively.
C) No binding of J22.9-xi to BCMA-negative Jurkat cells is detectable using flow cytometry. Shown is one of two independent experiments. D)
Binding affinity was determined from surface plasmon resonance measurements with indicated concentrations of BCMA. Shown is one out of
three independent experiments. E) Flow cytometry analysis of myeloma cells in the BM of an MM patient stained with a standard diagnostic
antibody against CD138 and with J22.9-xi. Dotted lines represent isotype control staining. Shown is one representative BM sample of five analyzed

samples from MM patients.

impact on the ability of J22.9-xi-N-glycan to bind to BCMA
(Figure 4B), the antibody-mediated cytotoxicity decreased to
below 8% (Figure 4A). This observation reveals that cell lysis
is primarily due to antibody-dependent cellular cytotoxicity
(ADCC). By using serum instead of PBMCs, we also determined
the complement-dependent cytotoxicity (CDC) of J22.9-xi and

J22.9-xi-N-glycan. As expected, approximately 45% of MM.1S-
Luc cells were depleted after 1 h of incubation with J22.9-xi but
less than 10% CDC was seen for J22.9-xi-N-glycan (Figure S3C).
These results indicate that glycosylation of J22.9-xi is required
for efficient recruitment of effector cells and activation of the
complement system.
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Figure 2 — J22.9-xi blocks BAFF and interferes with NF-kB
activation. A) J22.9-xi blocks the interaction of BAFF with BCMA
adsorbed onto microtiter plates. Error bars indicate the standard error
of the mean (SEM) of triplicates (**P < 0.001, t-test); shown is one
out of three independent experiments. B) NCI-H929 cells were pre-
incubated with 10 pg J22-Xi or control-antibody for 10 min and
subsequently stimulated with 500 ng APRIL for 10 or 20 min, as
indicated. Cells were lysed with whole cell lysis buffer and analyzed by
immunoblotting. Signals representing Phospho-IKK are indicated by
an asterisk. The IKKot band serves as an internal loading control,
since expression levels do not change in a stimulus dependent
manner. Shown is one out of two independent experiments. C) Whole
cell extracts of NCI cells treated as in (B) were used to monitor NF-
kB activation (EMSA). The lower band is a result of unspecific DNA
binding activity within the protein extract and serves as a loading

control.

3.5.  ]J22.9-xi decreases tumor burden and prolongs
survival significantly

We next tested the cytotoxic activity of J22.9-xi in vivo using a
xenograft tumor model. After tumor cell challenge, mice were
randomly divided into 5 groups. Groups one (n = 4), two and
three (each n = 5) were treated with 200, 20 and 2 pg of J22.9-
xi per injection (i.p.), which equates to approximately 10, 1
and 0.1 mg/kg body weight, respectively. To determine
whether blocking of BCMA upon binding of J22.9-xi has any
impact on tumor development, we administered J22.9-xi-N-
glycan, which neither efficiently recruits effector cells nor ac-
tivates the complement system, at 200 pg per injection to
group 4 (n = 6). As control, group five (n = 5) was treated
with 200 pg isoAb. Antibodies were administered i.p. for five
succeeding days starting with the day of tumor challenge
(Figure 5A). The tumor load of the isoAb treated controls
increased steadily from week 2 forward, whereas tumor-
derived bioluminescence was still not seen at day 44 in any
of the groups receiving intact J22.9-xi (Figure 5B,E). Consistent
with this finding, tumor development was significantly
reduced in J22.9-xi treated mice (Figure 5C) and their survival
time was nearly tripled (Figure 5D). Tumor growth in animals
treated with J22.9-xi-N-glycan was decelerated (Figure 5B,C),

and their mean lifespan was prolonged by 35% (Figure 5D),
indicating that binding of J22.9-xi-N-glycan to BCMA alone
has a negative impact on MM.1S-Luc cell survival in vivo. Inter-
estingly, in short term cell culture experiments, neither APRIL
nor J22.9-xi altered the high basal level of NF-«B activation in
MM.1S cells (Figure S1B). To better mimic the in vivo environ-
mental factors in our cell culture assays, we co-cultured
MM.1S-Luc cells with the bone marrow stromal cell line M2-
10B4 and treated these cultures either with isoAb or J22.9-xi.
Independent of the treatment, no changes in the viability of
MM.1S-Luc cells were observed (Figure S1G).

In a second experiment, we used NSG mice which devel-
oped hind limb paralysis approximately 25% faster than
SCID-Beige mice. We consequently chose a repetitive antibody
administration of 10 mg/kg per injection of either J22.9-xi
(n = 6) or isoAB (n = 5) twice weekly for a period of 6 weeks,
starting with the day of tumor challenge (Figure S4A). Mice
injected with J22.9-xi showed strongly decelerated tumor
growth for the first 5 weeks (Figure S4B) and a significant
reduction in the overall tumor load compared with the isoAb
group (Figure S4C). The effectiveness of the antibody was re-
flected in the median survival, which was extended in J22.9-
xi treated mice by 55% (Figure S4D).

In both studies, all animals responded to J22.9-xi treatment
and showed a strikingly decreased tumor burden and
increased lifespan, demonstrating the in vivo potency of
J22.9-xi.

3.6.  ]22.9-xi substantially increases lifespan in model
therapeutic settings

We next intended to determine the in vivo efficacy 0fJ22.9-xiin
a therapeutic approach by delaying the start of antibody treat-
ment to day 5 after tumor cell challenge (Figure 6A). Xeno-
grafted SCID-Beige mice received 200 ng per injection of
either isoAb (n = 6) or J22.9-xi (n = 5) twice per week. While
there was no detectable tumor-derived bioluminescence
before day 35 in the group receiving J22.9-xi, a steady increase
in tumor load was seen in animals receiving isoAb
(Figure 6B,E), resulting in a significantly increased overall tu-
mor load (Figure 6C). Tumor challenged mice treated with
isoAb survived on average 56 days, while the median lifespan
of mice receiving J22.9-xi was more than tripled (Figure 6D).
Using the NSG mouse strain and starting the J22.9-xi anti-
body treatment at day 12 after tumor challenge (Figure S5A)
extended the lifespan of mice by about 18% compared to
mice receiving isoAb (Figure S5B). These two studies confirm
the efficacy of J22.9-xi in vivo and underscore the benefit of
the chimeric antibody J22.9-xi in these therapeutic models.

4. Discussion

Multiple myeloma is an incurable plasma cell malignancy,
and much effort has been devoted over the years to identi-
fying reagents that specifically deplete MM cells (Hideshima
and Anderson, 2002; Schwartz and Vozniak, 2008; Yang and
Yi, 2011). BCMA has for some time been recognized as poten-
tial target for the treatment of MM, since its expression is
restricted to terminally differentiated cells of the B cell lineage
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Figure 3 — ]J22.9-xi binds the same BCMA epitope as APRIL and BAFF. A) Structure of the J22.9-xi Fab:BCMA complex. The heavy (blue) and
light (yellow) chains of the Fab fragment are shown in ribbon-type and BCMA in surface representation. B) J22.9-xi recognizes the same epitope as
APRIL and BAFF. Orthogonal views of the BCMA binding face, with colors as in (A). Residues contacted by APRIL, BAFF and J22.9-xi are
colored magenta and residues exclusively contacted by APRIL or BAFF are colored red. Leul7 of the DxL motif is at the apex of the protruding
loop of BCMA that fits into a cavity in J22.9-xi. Interface residues Arg27 and His19 are shown for orientation. C) Surface view of the binding site
in J22.9-xi, colored as in (A). Residues contacting BCMA are labelled. D) Backbone superposition of BCMA from three crystal structures. BCMA
from the complex with APRIL (green, pdb i.d. 1XU2), from the complex with BAFF (blue, pdb i.d. 10QD) and from the J22.9-xi complex

(magenta). The side chain of Leul7 from the DxL motif is explicitly shown and the N- and C-termini are indicated, as are the three disulphide

bonds (yellow) and their respective residue numbers.

and it is important for the survival of long-lived, sessile PCs in
the BM (Carpenter et al., 2013; O’Connor et al., 2004; Ryan et al.,
2007). Importantly, BCMA is highly expressed on malignant
PCs including MM and plasma cell leukemia (PCL), which is
more aggressive than MM and constitutes around 4% of all
PC disorders. Some patients responding favorably to allogenic
haematopoetic stem cell transplantation develop graft versus
tumor response based on anti-BCMA antibodies in the serum
(Bellucci et al., 2005). Consistent with its function on PCs,
ligand binding to BCMA has been shown to modulate the
growth and survival of MM cells (Novak et al., 2004). Further-
more, antibodies and ADCs directed against BCMA effectively
recognize MM cell lines in vitro and induce their depletion in
cytotoxicity studies (Novak et al., 2004). This prompted the

development of a chimeric antigen receptor T cell (CART)
which efficiently depletes solid xenograft MM tumors (Novak
et al., 2004). While these studies provided proof of principle
that targeting BCMA is a viable approach for MM treatment,
using CARTs in clinical applications is connected with several
safety issues (Xu and Tang, 2014). During the submission of
the present manuscript, another study reported an afucosy-
lated auristatin F ADC directed against BCMA with potent
in vitro and in vivo anti-multiple myeloma activity (Tai et al,,
2014), validating the potential of targeting BCMA for the treat-
ment of MM in humans.

In this study, we describe a BCMA-specific monoclonal
antibody that efficiently blocks binding of APRIL and BAFF to
BCMA and rationalize these findings from the crystal structure
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Figure 4 — J22.9-xi mediates strong cytotoxic effects in vitro. A) BCMA-positive MM.1S-Luc cells were mixed with unstimulated human PBMCs
(from 5 donors (#1—#5)) at an effector to target ratio of 20:1 and incubated with the indicated concentrations of J22.9i for 4 h (filed symbols).
Open symbols indicate cytotoxic activity of J22.9-xi-N-glycan when incubated with PBMCs from donor 1 or 2. Cytotoxicity was calculated relative
to isoAb (dotted line) and subtracted from 100 using bioluminescence measurements of the living cells. B) No detectable difference in binding to
MM.1S cells is observed between J22.9-xi and J22.9-xi-N-glycan using flow cytometry. Shown is one out of two independent experiments.
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Figure 5 — ]J22.9-xi is effective against tumors in a xenografted mouse model. A) Experimental timeline: antibody treatment of xenografted SCID
Beige mice for the first 5 days starting with the day of tumor cell challenge (1 x 107 cells/mouse). Open circles indicate days of bioluminescence
measurements. B) Course of tumor growth in mice treated with 2 (n = 5), 20 (n = 5) or 200 pg (n = 4) of J22.9-xi or 200 pg of either isoAb (n = 5)
or J22.9-xi-N-glycan (n = 6), and without tumor (» = 3; control). Background of bioluminescence was determined using NSG mice not
challenged with MM.1S-Luc cells (» = 3; control). C) Tumor development over time, represented as area under curve of (B), between days 9 and
44. Mean of total flux from unchallenged mice was subtracted. Shown are the mean values with SEM (*P < 0.05, 2-tailed t-test). D) Survival of
antibody-treated and control xenografted SCID Beige mice. The P values were calculated using the Log-rank (Mantel—Cox) Test. E) Distribution

of MM.1S-Luc cells in the indicated groups at day 44 post tumor challenge; dorsal view.
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Figure 6 — J22.9-xi prolongs lifespan of SCID Beige mice in a therapeutic approach. A) Experimental timeline: antibody treatment twice a week

starting at day 5 post tumor cell challenge (1 X 107 cells/mouse). Open circles indicate days of bioluminescence measurements. B) Tumor

development over time with administration of 200 pg of J22.9xi (n = 5) or isoAb (n = 6) twice weekly starting at day 5 after tumor challenge.

Background of bioluminescence was determined using NSG mice not challenged with MM.1S-Luc cells (n = 3; control). C) Tumor development

over time between day 9 and 48 of J22.9-xi and isoAb treated mice, represented as area under the curve of B). Mean of total flux of unchallenged
mice was subtracted. Plotted are the mean values with SEM (*P < 0.05, 2-tailed t-test). D) Overall survival of J22.9-xi treated SCID Beige mice.
The P value was calculated using the Log-rank (Mantel—Cox) Test. E) Distribution of MM.1S-Luc cells in the indicated groups at day 44 post

tumor challenge; dorsal view.

of the Fab:BCMA complex. J22.9-xi binds the majority of the
interaction surface contacted by the native ligands of BCMA,
APRIL and BAFF, as determined from their respective crystal
structures (Hymowitz et al., 2005; Liu et al., 2003). In addition,
the affinity of J22.9-xi exceeds that of APRIL and BAFF by 300-
and 30,000-fold (Bossen and Schneider, 2006), respectively.
Signaling of BAFF and APRIL via BCMA is facilitated through
NF-«B activation. Although J22.9-xi covers most of the epi-
topes of APRIL and BAFF, binding of J22.9-xi to MM.1S and
NCI-H929 cells does not result in activation of canonical or
further increase of non-canonical NF-kB signaling, but does
abrogate APRIL-induced NF-kB activation in NCI-H929 cells.
Due to the fact that signaling by BAFF and APRIL via BCMA is
responsible for cell survival through up-regulation of anti-
apoptotic Bcl-2 members such as Bcl-xL or Bcl-2 and Mcl-1
(Peperzak et al., 2013), the disruption of the ligand—receptor
interaction should improve the therapeutic outcome in MM.
This mode of action is already being exploited by use of Ataci-
ceptin clinical trials, mainly for the treatment of autoimmune
disorders (Bracewell et al., 2009). Atacicept is a TACI-Ig fusion
protein, which binds to APRIL and BAFF. However, it is not
specific for MM or plasma cells, since mature B cells, which ex-
press the BAFF-receptor, also rely on the presence of BAFF
(Jefferis et al., 1998; Nezlin and Ghetie, 2004).

The in vitro cytotoxicity assays revealed a strong and
specific ADCC induction upon J22.9-xi binding to BCMA-
positive cells. This may also be the main mode of action
in vivo, as all the immune cells capable of ADCC, except

NK cells, are still present in the mouse strains used in
this work (Nimmerjahn and Ravetch, 2007). In all in vivo
studies, we observed a substantial prolongation of median
survival for J22.9-xi treated animals. We demonstrated
that an initial boost-administration of this antibody over
the first 5 successive days efficiently suppressed MM.1S-
Luc tumor cell growth even at a dose as low as 0.1 mg/kg
body weight per injection. This might be attributed to the
high affinity of J22.9-xi to BCMA which hinders dissociation
of the antibody from tumor cells, increasing its half-life. In-
dependent of the dose, the lifespan of all mice receiving
J22.9-xi was prolonged by more than 150%. Even NSG
mice, in which xenograft survival is further supported
through transgenic cytokines, showed a reduced overall tu-
mor load and an extension of median survival by 55%. Sur-
prisingly, treating mice with deglycosylated J22.9-xi, which
is unable to induce meaningful ADCC or CDC (Jefferis et al.,
1998; Nezlin and Ghetie, 2004), still extended the lifespan of
xenografted mice by 35% compared to isoAb treated mice.
Although we cannot exclude that the in vivo effect of
J22.9-xi-N-glycan is based on background ADCC or CDC,
this result suggests that binding of J22.9-xi and J22.9-xi-N-
glycan to BCMA alone has a negative impact on tumor
development. The non-canonical NF-kB pathway in MM.1S
cells is constitutively active due to a biallelic deletion of
the TRAF3 gene (Demchenko et al.,, 2010) and we show
that activation is not further stimulated by addition of
APRIL or BAFF. This observation indicates that blocking
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the NF-«B pathway was not crucial for the depletion of tu-
mors in our experimental setup. Consistent with this
observation, we also saw no influence of the antibodies
on cell viabilities in our in vitro assays with either the
MM.1S or the NCI-H929 cell lines. Further studies need to
clarify whether J22.9-xi-mediated BCMA inhibition inter-
feres with NF-kB mediated signal transduction in vivo. In
addition, BCMA might regulate other tumor-relevant
signaling pathways.

To address the functionality of J22.9-xi in a therapeutic
setting, we began treatment 5 days post tumor challenge.
The mode of treatment was also adjusted to better conform
to a clinical setting by administration of the antibodies twice
weekly over a period of 6 weeks. The tripling of the median
survival of J22.9-xi treated animals demonstrates that this
antibody is also beneficial in the treatment of established tu-
mors. This finding was corroborated using cytokine trans-
genic NSG mice and delaying the start of antibody treatment
to day 12.

The median survival of MM patients has increased in
recent years due to improvements in treatment regimens,
but MM remains incurable in most cases. New strategies for
targeting the BM environment or tumor cells directly have
evolved (Munshi and Anderson, 2013). Although the therapeu-
tic use of mAbs holds promise, a multi-agent approach
including mAbs might be necessary for overcoming the most
difficult therapeutic challenges, such as those seen with Rit-
uximab in the treatment of Non-Hodgkin’s lymphoma
(Cheson and Leonard, 2008). With J22.9-xi, we provide a new
potent antibody for the treatment of MM which has compara-
ble efficiency to the afucosylated ADC described recently (Tai
et al., 2014). Further studies will need to address the efficacy
and safety of antibody-based versus ADC-based approaches
in curing MM in humans. The structure of the J22.9-xi
Fab:BCMA complex will facilitate humanization of the vari-
able regions while keeping the high affinity interaction intact.
With this, a necessary step towards clinical development can
be fulfilled.

In summary, we generated J22.9-xi, a BCMA-specific
chimeric antibody showing an exceptionally high affinity re-
ceptor ligand interaction, BCMA ligand blocking capability,
specific depletion of an MM cell line, and significant efficacy
in preclinical tumor mouse models. Its use might not be
restricted to MM, since BCMA may also be a suitable target
for treating autoimmune diseases such as systemic lupus ery-
thematosus or rheumatoid arthritis. This antibody promises
to be beneficial by depleting PCs or plasma blasts producing
pathogenic autoantibodies, as both highly express BCMA on
their cell surface (Benson et al., 2008; Darce et al., 2007; Good
et al., 2009).

Accession codes Coordinates of the BCMA-]J229.xi complex
have been deposited in the wwPDB database with accession
code 4ZFO.
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