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ABSTRACT

The B-cell receptor regulates B-cell proliferation and apoptosis. Aberrations
in BCR signaling are associated with the development and progression of B-cell
malignancies, such as mantle cell lymphoma, diffuse large B-cell lymphoma, and
chronic lymphocytic leukemia, many of which express the IgM type of BCR on their
cellular surface. Therefore, IgM is an attractive target for therapeutic antibodies
against B-cell malignancies. However, soluble IgM competitively binds to anti-IgM
antibodies in the serum, and these antibodies show insufficient cytotoxic activity.
Thus, antibody therapy targeting IgM is hindered by the presence of soluble IgM in the
blood. To address this problem, we used a bispecific antibody. We generated bispecific
antibodies bound to IgM and other B-cell antigens such as CD20 and HLA-DR using
our bispecific antibody-producing technology, Cysim. These bispecific antibodies
directly inhibited cell proliferation via cell-cycle arrest and apoptosis in vitro, although
large amounts of soluble IgM were present. Additionally, a bispecific antibody bound
to IgM and HLA-DR (BTA106) depleted B-cells in cynomolgus monkeys. These data
suggest that anti-IgM/B-cell surface antigen-binding specific antibodies are promising
therapeutic agents for B-cell malignancies. Moreover, the bispecific antibody modality
can potentially overcome problems caused by soluble antigens.

INTRODUCTION

Rituximab is a chimeric monoclonal antibody that
targets the cluster of differentiation (CD) 20 and is highly
effective in treating several B-cell malignancies and
inflammatory diseases [1-3]. Combination therapy with
chemotherapeutic agents such as R-CHOP has become the
standard treatment for non-Hodgkin’s lymphoma (NHL)
and chronic lymphocytic leukemia (CLL). However, 30—
40% of patients do not respond to rituximab-based therapy
initially or the disease progresses after an initial response
to rituximab-based therapy [1, 4, 5]. Moreover, rituximab
resistance is acquired through various mechanisms, such
as the loss of CD20 expression on the B-cell surface [6, 7]
or overexpression of anti-apoptotic factors [8, 9]. Recently,
several therapeutic antibodies and chimeric antigen

receptor T cell (CAR-T) therapies have been approved for
relapse and refractory B-cell malignancies after rituximab-
based therapy; however, their efficacy is limited. For
example, tafasitamab, an anti-CD19 antibody that has
enhanced antibody-dependent cell-mediated cytotoxicity
(ADCC) and polatuzumab vedotin, a drug-conjugated
anti-CD79b antibody, have demonstrated a 43% and 45%
overall objective response, respectively, in relapse and
refractory diffuse large B-cell lymphoma (DLBCL) [10,
11]. In addition, axicabtagene ciloleucel and lisocabtagene
maraleucel (anti-CD19 CAR-T) have become applicable
for treating relapse and refractory large B-cell lymphoma
[12]. However, treatments in 49% of patients with these
types of CAR-T therapy fail [13]. Although these new
therapies provide favorable therapeutic effects, some
patients still experience refractory disease and disease
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relapse. Therefore, alternative clinical options are required
to treat B-cell malignancies.

IgM is a component of the B-cell receptor (BCR),
which functions as a regulator of B-cell proliferation,
differentiation, and apoptosis, depending on the cellular
state and extracellular environment [14, 15]. Constitutive
activation of BCR signaling is associated with the
pathogenesis of B-cell malignancies, including mantle
cell lymphoma (MCL), DLBCL and CLL [16-20]. MCL
is an aggressive NHL subtype, accounting for 3% to 6% of
NHL cases. The phenotype of MCL is characterized by the
intense expression of surface immunoglobulins, including
IgM and IgD [21, 22]. DLBCL is the most common
subtype of NHL, accounting for 30—40% of NHL cases,
and exhibits complex and heterogeneous characteristics in
biological and clinical presentations [23]. Gene expression
profiling has been employed to divide DLBCL into two
subtypes based on its cell-of-origin: germinal center B
cell-like (GCB)-DLBCL and activated B cell-like (ABC)-
DLBCL [24]. Patients with ABC-DLBCL have shown
shorter survival and a higher frequency of treatment
failure than those with GCB-DLBCL [24]. Interestingly,
approximately 88.5% of patients with ABC-DLBCL
express a primary isotype of immunoglobulin, mainly
IgM, whereas 88.2% of patients with GCB-DLBCL
express secondary types of immunoglobulins, IgG and
IgA [25]. Moreover, regardless of the cell-of-origin, high
cell-surface expression of IgM is associated with a poor
prognosis in DLBCL [25]. Ruminy et al. [25] reported
that defective isotype class-switching has contributed to
the high expression of IgM and may be involved in the
development of the pathogenesis of ABC-DLBCL. CLL
is the most common type of leukemia in adults and is
characterized by the accumulation of monoclonal B cells
in peripheral blood, bone marrow, and lymphoid tissues.
CLL is divided into two major subtypes, mutated-CLL
(M-CLL) and unmutated-CLL (U-CLL), based on the
presence and absence of somatic hypermutations in the
immunoglobulin heavy chain variable region (/GHV) gene,
respectively [26]. U-CLL shows more rapid progression
and higher expression of IgM than M-CLL [26, 27].
Moreover, similar to DLBCL, high IgM expression is
associated with a poor CLL prognosis [27]. Because IgM
is highly expressed and related to a poor prognosis in these
aggressive B-cell malignancies, we considered that IgM is
a promising target of therapeutic antibodies for refractory
and/or relapsed B-cell malignancies.

IgM is exclusively expressed in B cells; therefore,
anti-IgM antibodies specifically bind to these cells.
Furthermore, anti-IgM antibodies trigger cell arrest and
apoptosis in B-cell lymphoma cells in vitro [28-30],
suggesting that anti-IgM antibodies are therapeutic
candidates for B-cell malignancies. However, in addition
to its membrane form, IgM is also present in a soluble
form at 0.24—7.91 mg/mL in the blood [31]. The soluble
form of the antigen may capture therapeutic antibodies,

resulting in loss of their activity in the blood. For instance,
programmed death-ligand 1 (PD-L1) vInt4 is one of the
splicing variants of PD-L1 which produces the secreted
PD-L1 and is expressed in 10-20% of patients with
squamous cell carcinoma [32]. The expression of PD-L1
vint4 leads to loss of anti-tumor efficacy of anti-PD-L1
antibodies by acting as a decoy for antibodies injected in
mice [32]. In addition, elevated levels of soluble PD-L1
are associated with unfavorable progression-free survival
and overall survival in non-small-cell lung cancer patients
treated with anti-PD-L1 antibody monotherapy [33].
Thus, the presence of soluble antigen types is one of the
problems associated with antibody therapy. To overcome
this problem, Welt et al. [34] produced anti-IgM antibodies
targeting the proximal domain of membrane IgM, which is
absent in soluble IgM. Alternatively, we used a bispecific
antibody modality to improve the selectivity of anti-IgM
antibodies for B cells.

IgG-like bispecific antibodies exert several
advantages, including favorable pharmacokinetic
properties via the neonatal Fc receptor (FcRn), and
cytotoxic effects such as ADCC, complement-dependent
cell cytotoxicity (CDC), and antibody-dependent cellular
phagocytosis (ADCP) via the Fc region [35]. However,
the efficient production of suitable bispecific antibodies
is challenging because two distinct heavy chains need
to bind together, and the respective light chain needs to
bind to the correct heavy chain [36]. Therefore, advanced
technologies are necessary to produce the correct pair of
bispecific antibodies efficiently. The heterodimerization of
two distinct heavy chains is enabled by the knobs-into-
holes (KIH) technology [36, 37]. Recently, technologies
have been developed to prevent the mispairing of light
and heavy chains. One approach involves using a common
light chain against two heavy chains, and this approach has
been applied to emicizumab, a therapeutic antibody used
in the treatment of hemophilia A [38]. Another approach
involves producing two parental antibodies separately and
then exchanging one pair of heavy and light chains under
an oxidation-reduction reaction, as in DuoBody [39]. In
addition, technologies to restrict the combination of heavy
and light chains, such as CrossMab and DuetMab, have
also been developed [40, 41]. In contrast, the strategy that
we developed for producing 1gG-like bispecific antibodies
involves inserting an artificial disulfide bond between the
heavy chain constant domain 1 (CH1) and light chain
constant domain (CL) interface, and deleting the native
disulfide bond on one of the parental antibodies. We
termed this technology the Cys1m technology [42].

In this study, we aimed to produce IgM-dependent
bispecific antibodies targeting IgM and the other B-cell
antigens such as CD20, CD32b (FcyRIIB), CD79b, and
human leukocyte antigen (HLA)-DR using the Cyslm
technology [10, 43—45]. Additionally, the correct IgG-like
bispecific antibody structures were confirmed and their
efficacies in the presence of soluble IgM were analyzed.
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Table 1: Bispecific antibodies used in this study

Bispecific antibody Target 1 Clone Target 2 Clone Structure
BTA065 IgM DA4.4 CD20 Rituximab Cyslm
BTA106 IgM DA4.4 HLA-DR HDS Cyslm
BTA116 IgM DA4.4 CD32b 5A6 Cyslm
BTA118 IgM DA4.4 CD7% #89 Cyslm
BTA124 IgM 4B9 HLA-DR HDS Cyslm
BTA125 IeM 6D9 HLA-DR HDS Cyslm
KIH-IgM/CD20 IgM DA4.4 CD20 Rituximab KIH
KIH-IgM/HLA-DR IgM DA4.4 HLA-DR HD8 KIH

Bispecific and parental antibodies (clones). The methods for producing bispecific antibodies and the references for each clone
are described in the Materials and Methods section. The sequences of each clone are listed in Supplementary Tables 1 and 2.

RESULTS

Production of full-length IgG-like bispecific
antibodies using Cyslm technology

Because the presence of soluble-type antigens in
the blood reduces antibody activity, conventional anti-
IgM antibodies may lose their activity owing to soluble
IgM. To improve the selectivity of anti-IgM antibodies
for IgM on the B-cell surface, we produced IgM-
dependent bispecific antibodies targeting IgM and other
B-cell surface antigens. Conventional approaches that
produce all light and heavy chains simultaneously often
result in the inefficient production of IgG-like bispecific
antibodies owing to the incorrect pairing of light and
heavy chains. Approximately 40% of incorrect pairings
between light and heavy chains occurred using the KIH
technology [36]. In contrast, our developed technique,
Cyslm, involves inserting an artificial disulfide bond
between the CHI1 and CL interface and deleting the
native disulfide bond on one of the parental antibodies
[42]. As shown in Figure 1A, to engineer artificial
disulfide bonds, we introduced an S162C mutation in
CH1 and F170C in CL, which was termed Cyslm (g),
or an F126C mutation in CHI and Q124C in CL, which
was termed Cyslm (f), using a mutagenesis kit. To delete
the native disulfide bond, we introduced C220S into CH1
and C214S into CL.

In this study, we produced several bispecific
antibodies targeting IgM and other antigens in B-cell
lymphoma cells, as presented in Table 1. These
bispecific antibodies were generated using the Cyslm
technology. To clarify whether differences in the core
structure affected antibody activity, we produced KIH-
IgM/CD20 and KIH-IgM/HLA-DR using the KIH
technology (Table 1) and compared them with BTA065
and BTA106, respectively. The antibodies used in
the following examinations were analyzed by cation
exchange chromatography (CEX) to assess their purity
and confirm the composition of the heavy and light

chains. The retention time of BTA106 was localized in
the middle of those of the parental antibodies, and no
extra peaks were detected (Figure 1B, 1C). All antibodies
listed in Table 1 showed similar CEX results (data not
shown). Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) analysis of BTA106 under
non-reducing conditions confirmed that BTA106 is a
150 kDa full-length antibody (Figure 1D). In addition,
50 kDa heavy chains and 25 kDa light chains were
detected under reducing conditions (Figure 1E). Notably,
slightly different sizes of the two light-chain bands were
observed for the bispecific antibodies under reducing
conditions. BTA065 showed the same results as BTA106
did in CEX and SDS-PAGE analyses, as shown in the
supplementary data (Supplementary Figure 1A-1D).
These data demonstrate that the Cyslm technology is
useful for the accurate production of IgG-like bispecific
antibodies.

Proliferation inhibition of IgM-dependent
bispecific antibodies in the presence of soluble
antigens

To determine whether IgM-dependent bispecific
antibodies show activity in the presence of a soluble
antigen, a cell viability assay was performed in JeKo-
1 cells (MCL) and B104 cells (unclassified B-cell
lymphoma) at various concentrations of purified soluble
IgM. Because the epithelial growth factor receptor
(EGFR) is not expressed on immune cells, an anti-EGFR
antibody (clone h425) was used as the control IgG.
Control IgG and HDS did not inhibit the proliferation
of JeKo-1 cells, whereas DA4.4 (100 ng/mL) inhibited
proliferation in the absence of purified soluble IgM.
However, more than 3 pg/mL of purified soluble IgM
disturbed its effects (Figure 2A). In contrast, BTA106
(100 ng/mL) and KIH-IgM/HLA-DR (100 ng/mL)
inhibited the proliferation of JeKo-1 cells in the presence
of 10 pg/mL purified soluble IgM. Similar to the JeKo-1
cells, BTA106 (100 ng/mL) inhibited the proliferation
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of B104 cells in the presence of purified soluble IgM
(Figure 2B). In addition, we performed cell viability
assays using the other anti-IgM antibody clones, 4B9
and 6D9. We observed that 4B9 and 6D9 (300 ng/mL)
inhibited the proliferation of JeKo-1 cells in the absence
of soluble IgM, whereas more than 1 pg/mL of purified
soluble IgM disturbed their effects. However, BTA124
and BTA125 (300 ng/mL) inhibited the proliferation
of JeKo-1 in the presence of more than 1 pg/mL of
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purified soluble IgM (Supplementary Figure 2A, 2B).
These results indicate that the effects of [gM-dependent
bispecific antibodies were independent of the anti-IgM
antibody clones used.

Next, we investigated whether IgM-dependent
bispecific antibodies targeting other B-cell antigens, such
as CD20, CD32b, and CD79b, would be effective in the
presence of purified soluble IgM. Treatment with control
IgG and rituximab did not inhibit the proliferation of
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Figure 1: Production of the IgG1 bispecific antibodies using Cys1m technology. (A) Schematic diagram of bispecific antibodies
produced using Cys1m technology. Bispecific antibodies produced using Cyslm technology consisted of one wild-type fragment antigen-
binding (Fab) and one mutated Fab. The mutated Fab contained artificial disulfide-bound Cyslm (g) or Cyslm (f), with the wild-type
disulfide bond deleted at the interface of CH1 and CL. CEX profiles of BTA106 (B), DA4.4 (blue), and HDS (red) of the parent antibodies
(C). SDS-PAGE analysis of BTA106 and their parent antibodies under non-reducing (D) and reducing (E) conditions. The molecular
weights of the whole antibody (150 kDa), heavy chain (50 kDa), and light chain (25 kDa) were calculated using the protein marker.
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Figure 2: Effects of IgM-dependent bispecific antibodies on cell viability in the presence of soluble IgM. BTA106 (A, B),
BTA065 (C, D), BTA116 (E), BTA118 (F) and their parent antibodies were added to JeKo-1 (A, C, E, F) and B106 cells (B, D), and
incubated for 72 hours in the presence of purified soluble IgM. h425 was used as the control IgG. Viable cells were measured using the Cell

Counting Kit-8 (mean + S.D. of triplicate).
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JeKo-1 or B104 cells, whereas treatment with BTA065
and KIH-IgM/CD20 inhibited the proliferation of JeKo-1
(100 ng/mL) and B106 (1,000 ng/mL) cells in the absence
or presence of purified soluble IgM (Figure 2C, 2D).
Furthermore, 300 ng/mL of BTA116 (Figure 2E) and 300
ng/mL of BTA118 (Figure 2F) showed activity against
JeKo-1 cells in the presence of purified soluble IgM. These
data indicate that IlgM-dependent bispecific antibodies are
less affected by soluble IgM than by conventional anti-
IgM antibodies.

Proliferation inhibition of bispecific antibodies in
the presence of serum

To examine the effects of IgM-dependent bispecific
antibodies under conditions similar to those in the internal
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environment, we performed cell viability assays in the
absence and presence of human serum. DA4.4 (1,000
ng/mL) inhibited the proliferation of JeKo-1 cells in
the absence of human serum in contrast to the control
IgG (Figure 3A). However, DA4.4 failed to inhibit the
proliferation of JeKo-1 cells in the presence of human
serum (Figure 3B). In contrast, BTA106 and KIH-IgM/
HLA-DR retained their activities at 1,000 ng/mL in the
presence of human serum. In addition, these anti-IgM/
HLA-DR bispecific antibodies demonstrated efficacy
against JeKo-1 cells when the donor human serum was
changed (data not shown). In the case of anti-IgM/CD20
bispecific antibodies, BTA065 and KIH-IgM/CD20 (1,000
ng/mL) inhibited the proliferation of JeKo-1 cells in the
absence or presence of human serum in contrast to the
control IgG and DA4.4, similar to anti-IgM/HLA-DR
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Figure 3: Effects of IgM-dependent bispecific antibodies on cell viability in the presence of human serum. JeKo-1
cells were treated with BTA106 (A, B), BTA065 (C, D), and their parental antibodies at 1,000 ng/mL for 48 hours in the absence (A, C)
or presence (B, D) of human serum (mean + S.D. of triplicate). Viable cells were measured using the Realtime-Glo MT Cell viability
assay. Human serum was obtained from a healthy donor. Statistical analysis was performed with one-way analysis of variance (ANOVA),

followed by Dunnett’s test ("p < 0.05, “p < 0.01, versus control IgG).
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bispecific antibodies (Figure 3C, 3D). These data suggest
that [gM-dependent bispecific antibodies may be active in
the body even with soluble antigens.

Induction of apoptosis and cell-cycle arrest by
IgM-dependent bispecific antibodies

As shown in previous reports, anti-IgM antibodies
inhibit cell proliferation by inducing apoptosis and cell-
cycle arrest [28—-30]. First, we investigated whether IgM-
dependent bispecific antibodies induce apoptosis. After
treatment of JeKo-1 cells with antibodies, we analyzed the
expression levels of cleaved-PARP and cleaved-caspase3
as apoptotic markers using western blotting [46]. Both
cleaved-PARP and cleaved-caspase3 were detected 24
and 36 hours after treating JeKo-1 cells with DA4.4 and
BTA106 at 300 ng/mL, whereas they were not detected
after treatment with HD8 at 300 ng/mL (Figure 4A). As
expected, the induction of cleaved-PARP and cleaved-
caspase3 by DA4.4 was attenuated by the addition of 3 pg/
mL purified soluble IgM. However, BTA106 retained the
ability to increase the levels of these apoptotic factors at
24 and 36 hours even in the presence of 3 pg/mL purified
soluble IgM. BTA065 (300 ng/mL) also induced apoptosis
in the presence of 3 pg/mL purified soluble IgM (Figure
4B). Interestingly, the expression levels of apoptotic
factors induced by BTA065 were higher than those
induced by the parental antibodies, DA4.4, and rituximab
in the absence of soluble IgM.

Second, to investigate the induction of cell-cycle
arrest, we performed a cell-cycle analysis 24 hours after
the treatment of JeKo-1 cells with antibodies. DA4.4 (300
ng/mL) and BTA106 (300 ng/mL) treatments accumulated
cells in the GO/G1 phase and decreased the number of
cells in the S and G2/M phases compared with phosphate-
buffered saline (PBS) treatment (Figure 4C). DA4.4 failed
to induce cell-cycle arrest in the presence of 3 pug/mL
purified soluble IgM, whereas BTA106 was still able to
induce cell-cycle arrest under the same conditions. Next,
we performed the cell-cycle analysis in the presence
of human serum. Similar to the presence of purified
soluble IgM, DA4.4 (1,000 ng/mL) failed to induce cell-
cycle arrest (Figure 4D). However, BTA106 caused an
accumulation of cells in the GO/G1 phase in the presence
of human serum. Moreover, BTA106 induced cell-cycle
arrest when the human serum donor was changed (data
not shown).

In vitro activities of BTA106 for B-cell lymphoma
cell lines

The cytotoxic activity of BTA106 was evaluated
using ADCC, CDC, and cell viability assays with several
B-cell lymphoma cell lines. Furthermore, its cytotoxic
activities were compared with those of rituximab, which
is the standard for initial treatment of NHL [1]. First, to

assess the direct inhibitory activity on cell proliferation,
B104, RL (GCB-DLBCL), U2932 (ABC-DLBCL),
JeKo-1, Ramos (Burkitt’s lymphoma), and RRBLI
(rituximab-resistant DLBCL) cells were treated with
antibodies at 1,000 ng/mL for 72 hours, and cell viability
was measured using the Cell Counting Kit-8 [47]. The
results demonstrated that, in comparison to the control
IgG, BTA106 exhibited cytotoxicity against NHL cell
lines other than RL (Figure 5SA). In addition, the cytotoxic
activity of BTA106 was higher than that of rituximab in
B104 (72.2 £ 1.5% vs. 1.9 + 1.5%, data are expressed
as mean =+ standard deviation), U2932 (44.0 = 1.1% vs.
23.0 £ 0.6%), JeKo-1 (62.1 £2.1% vs. —1.9 + 4.4%), and
Ramos (35.2 + 1.2% vs. 8.4 = 2.3%) cells.

Next, we assessed the ADCC of the antibodies at
100 ng/mL. Human peripheral blood mononuclear cells
(PBMCs) were used as effector cells, and the ratio of
effector to target cells was 20:1. BTA106 showed ADCC
activity in all NHL cell lines (Figure 5B). Furthermore,
the ADCC activity of BTA106 was higher than that of
rituximab in RL (25.0 = 1.9% vs. 17.1 + 1.0%), JeKo-1
(48.8 £3.0% vs. 31.3 £2.5%), Ramos (36.6 £ 1.6% vs.
31.6 = 5.1%), and RRBL1 (17.6 £ 0.4% vs. 6.1 £ 0.8%)
cells, and at approximately the same levels as those of
rituximab against B104 (19.6 + 1.3% vs. 18.9 + 1.1%) and
U2932 (26.9 £+ 1.3% vs. 23.8 £ 2.7%) cells.

Finally, we assessed the CDC activity of the
antibodies at 1,000 ng/mL. The CDC activity of BTA106
was lower than that of rituximab against U2932 (26.8 +
2.1% vs. 77.1 £ 11.5%) and Ramos (87.9 + 3.7% vs. 105.3
+ 1.1%) cells (Figure 5C). Although rituximab induced
CDC activity against almost all NHL cell lines used in
this study, it did not show CDC activity against RRBL1
cells. These data are consistent with the fact that RRBL1
was derived from a rituximab-resistant patient [47]. In
contrast, the CDC activity of BTA106 was higher than that
of rituximab (27.5 £4.5% vs. 7.2 + 6.8%) in RRBL1 cells.
These results suggest that BTA106 is effective against
various types of NHL cells, including rituximab-resistant
cells.

Selective binding to B-cells by BTA106

As described previously, anti-HLA-DR antibodies
are attractive partners of anti-IgM antibodies for the
production of bispecific antibodies. HLA-DR is expressed
not only on B cells but also on other cells [48]. A high
target selectivity is desirable for a therapeutic antibody
to avoid adverse events. To clarify whether BTA106
exhibited higher selectivity for B cells than HLA-DR-
positive cells, a binding assay of BTA106, DA4.4, and
HDS8 was performed, as shown in Figure 6. JeKo-1 cells
(CD19+, IgM+, HLA-DR+) and HH cells (CD19-, IgM-,
HLA-DR+) were mixed at a ratio of 1:5. JeKo-1 cells were
labeled with an anti-CD19 antibody conjugated to PE. The
cells were then treated with each antibody conjugated to
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Figure 4: Analysis of apoptosis and cell-cycle profiles in the presence of soluble IgM. (A, B) Expression levels of apoptotic
factors in JeKo-1 cells. JeKo-1 cells were treated with antibodies (300 ng/mL) in the absence or presence of purified soluble IgM (3 pg/
mL) for the indicated times. The expression levels of cleaved-caspase3 and cleaved-PARP, which are apoptotic factors, were analyzed
using western blotting. The left and right sides of the dotted line represent results from different gels. (C) Cell-cycle profile of JeKo-1 cells
following treatment with BTA106. JeKo-1 cells were incubated with antibodies (300 ng/mL) in the absence (left) or presence (right) of
purified soluble IgM (3 pg/mL) for 24 hours. The treated JeKo-1 cells were permeabilized, stained with propidium iodide, and analyzed
using flow cytometry. (D) Cell-cycle profile of JeKo-1 cells following treatment with BTA106 in the absence (left) or presence (right) of

human serum. JeKo-1 cells were incubated with antibodies (1,000 ng/mL) in the presence of human serum for 24 hours. Human serum was

obtained from a healthy donor.
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Alexa Fluor 488 (100 ng/mL) for 1 hour and analyzed
using flow cytometry. The control IgG did not bind to any
of the cells (Figure 6A). DA4.4 was bound only to JeKo-1
cells (Figure 6B), whereas HD8 bound equally to JeKo-1
and HH cells (Figure 6C). In contrast, BTA106 exhibited
a higher selectivity for JeKo-1 cells than for HH cells
(Figure 6D). These data suggest that BTA106 has a higher
specificity for B cells than for other cells.

B cell-depleting activity of BTA106 in
cynomolgus monkeys

We evaluated the B cell-depleting activity of
BTA106 in cynomolgus monkeys. At first, B cell
depletion was observed in both the peripheral and lymph
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nodes in a dose escalation study (Supplementary Figure
3A-3C). Subsequently, in a single-administration study,
a cynomolgus monkey received BTA106 at a dose of 20
mg/kg intravenously on day 0. BTA106 depleted 96.6%
of the peripheral B cells, and the reduction in the number
of B cells was maintained until day 14 (Figure 7A). On
the other hand, the number of T cells decreased by 33.9%
on day 1 and returned to their original level on day 14
(Figure 7B).

Next, we evaluated the efficacy of repeated
administrations of BTA106 in cynomolgus monkeys.
Cynomolgus monkeys received BTA106 at doses of 10
and 30 mg/kg intravenously on days 0, 7, 14, and 21.
After each administration of BTA106, 90.2-98.4% of B
cells were rapidly depleted (Figure 7C). However, after
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Figure 5: The in vitro activity of BTA106 compared with that of rituximab. (A) Effects of antibodies on cell viability of several
lymphoma cells (mean + S.D. of triplicate). B104, RL, U2932, JeKo-1, Ramos, and RRBLI cells were treated with BTA106 or rituximab
at 100 ng/mL for 72 hours. Cell viability was measured using the Cell Counting Kit-8. (B) ADCC activity of antibodies against several
lymphoma cells (mean + S.D. of triplicate). B104, RL, U2932, JeKo-1, Ramos, and RRBLI cells were fluorescently labeled and incubated
with human PBMCs and antibodies at 100 ng/mL for 4 hours (mean + S.D. of triplicate). The E:T ratio was 20:1. Flow cytometry analysis
was performed to measure the percentage of the lysed tumor cells. (C) CDC activity of antibodies against several lymphoma cells (mean +
S.D. of triplicate). B104, RL, U2932, JeKo-1, Ramos, and RRBL1 cells were incubated with human complement and antibodies at 1,000
ng/mL for 4 hours. Cell viability was measured using the Cell Counting Kit-8. Statistical analysis was performed with one-way ANOVA,

followed by Tukey—Kramer test ("p < 0.05, “p < 0.01).
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the second dose, the number of B cells partially recovered
until the next administration. Moreover, in the 10 mg/kg
cynomolgus monkeys, recovery was accelerated by each
administration. In contrast, BTA106 temporarily reduced
the number of T cells, which quickly recovered (Figure
7D). We suspected the existence of anti-drug antibodies
(ADASs) because the duration of B-cell depletion induced
by BTA106 was shorter than those induced by rituximab
and obinutuzumab (type II anti-CD20 antibody) in
cynomolgus monkeys, as reported previously [49].
Enzyme-linked immunosorbent assay (ELISA) analysis
of ADAs revealed that ADAs were detected from day
14 (Supplementary Figure 4A, 4B). In particular, ADA
activity against DA4.4 Fab was higher than that against
HD8 Fab in animals treated with BTA106 at 10 mg/kg.
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In the repeated-administration study, body weight
loss (Figure 7E) and abnormal findings at necropsy
were not observed in the animals treated with BTA106.
Complete blood counts revealed transient alterations
in platelets, neutrophils, eosinophils, basophils, and
monocytes after administration of BTA106; however,
rapid recovery was observed (Supplementary Figure SA—
SE). Additionally, no abnormalities were observed in the
red blood cell parameters (Supplementary Figure SF—5L).
These data suggested that BTA106 was well tolerated.

DISCUSSION

IgM is a notable target for lymphoma therapy;
however, the presence of a soluble form disturbs the
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Figure 6: Analysis of selectivity of BTA106 for B cells. JeKo-1 cells (CD19+, IgM+, HLA-DR+) were labeled with anti-CD19
antibody (HIB19) conjugated with PE and mixed with HH cells (CD19-, IgM-, HLA-DR+) derived from T cell leukemia/lymphoma at a
ratio of 1:5. Subsequently, the cells were treated with control IgG (A), DA4.4 (B), HDS (C), and BTA106 (D) conjugated with Alexa 488
(100 ng/mL) for 1 hour and detected using flow cytometry. Red and blue dots indicate HH cells and JeKo-1 cells, respectively.

www.oncotarget.com

Oncotarget



therapeutic efficacy of conventional anti-IgM antibodies.
We succeeded in improving the selectivity for B cells
by producing IgM-dependent bispecific antibodies
and allowing the antibodies to reach IgM on the B-cell
membrane. These bispecific antibodies were effective in
the presence of soluble IgM in vitro. Moreover, BTA106,
an IgM-dependent bispecific antibody targeting IgM
and HLA-DR, depleted B cells after single or repeated
administrations in cynomolgus monkeys. Additionally,
BTA106 was well tolerated. Our results indicate that IgM-
dependent bispecific antibodies are potent therapeutic
agents for B-cell malignancies.

Mispairing of antibodies is one of the problems to be
solved during the production of bispecific antibodies as it
reduces the production efficiency of the desired bispecific
antibodies [36]. To improve efficiency, we developed a
novel solution called the Cyslm technology [42]. This
method involves inserting an ectopic disulfide bond at the
CHI1-CL interface and deleting the native disulfide bond
on one of the parent antibodies to suppress mispairing of
the light and heavy chains. The Cys1m technology enables
a reduction in the mispairing and the efficient production
of IgG-like bispecific antibodies, similar to CrossMab,
DuoBody, and DuetMab technologies [39—42]. Because
IgG-like bispecific antibodies retain the entire Fc region,
they exert ADCC, CDC, and ADCP activities through
interactions between Fc and the Fc receptor and have an
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advantage regardless of pharmacokinetics, as follows [35].
Blinatumomab is an anti-CD19/CD3 bispecific antibody,
which has significantly improved the prognosis of B-cell
acute lymphoblastic leukemia. However, the lack of the
Fc portion and its low molecular weight result in a short
half-life and the need for frequent administrations [50]. In
contrast, IgG-like bispecific antibodies are expected to have
a longer half-life, as these antibodies are recycled through
the Fc and FcRn interaction [35]. Using Cys1m technology,
we successfully produced several IgM-dependent bispecific
antibodies with a full-length IgG-like structure. Because the
bispecific antibody consists of two pairs of light and heavy
chains from parent antibodies, the CEX analysis revealed
a peak positioned centrally between the parent antibodies.
As expected, the peaks of purified BTA065 and BTA106
were detected at the midpoint of their respective parental
antibodies (Figure 1B, 1C, and Supplementary Figure 1A,
1B). In SDS-PAGE analysis, a 150 kDa band corresponding
to the full-length IgG1 antibody was observed for BTA065
and BTA106 under non-reducing conditions (Figure
1D and Supplementary Figure 1C). In contrast, under
reducing conditions, a 25 kDa band corresponding to the
light chain and a 50 kDa band corresponding to the heavy
chain were observed (Figure 1E and Supplementary Figure
1D). These results suggest that the Cyslm technology is a
reliable method for producing correct IgG-like bispecific
antibodies.
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Figure 7: B-cell depletion of BTA106 in cynomolgus monkeys. The number of B (A) and T cells (B) after single administration of
BTA106 in cynomolgus monkeys. A male cynomolgus monkey was intravenously administered BTA106 at 20 mg/kg. B cells were labeled
with anti-CD20 antibody (2H7) conjugated with APC, and T cells were labeled with anti-CD3 antibody (SP34-2) conjugated with Alexa
488. The numbers of peripheral B and T cells were measured on days 0, 1, 2, 3, 5, 7, 10, and 14 using flow cytometry. The numbers of B
(C) and T cells (D) after repeated administrations of BTA106 in cynomolgus monkeys. Female cynomolgus monkeys were administered
BTA106 at 10 or 30 mg/kg intravenously on days 0, 7, 14, and 21. The numbers of peripheral B cells and T cells were measured on days
0,1,7,8, 14, 15, 21, 22, 24 and 28 using flow cytometry. Body weight was measured on days —7, 0, 7, 14, 21, and 28 (E).

www.oncotarget.com

265

Oncotarget



To investigate whether IgM-dependent bispecific
antibodies exhibit their effects even in the presence of
soluble IgM, we produced bispecific antibodies targeting
IgM and B-cell surface antigens including CD20, HLA-
DR, CD32b, and CD79b (Table 1). As shown in Figure 2A,
2B, the conventional anti-IgM antibodies lost their efficacy
as the concentration of purified soluble IgM increased,
whereas BTA106 retained its cytotoxic activity even in
the presence of soluble IgM (10 pg/mL). Furthermore, as
shown in Figure 2C-2F, the bispecific antibodies targeting
other B-cell surface antigens such as CD20, CD32b, and
CD79b, instead of HLA-DR, could also exhibit their
effects in the presence of purified soluble IgM. The anti-
IgM antibody DA4.4 could be replaced with alternative
clones, such as 6D9 and 4B9 (Supplementary Figure 2A,
2B). The concentration of the purified soluble IgM used
in the cell viability assay was lower than that normally
present in human serum. To address this, we supplemented
our assay with human serum. When untreated JeKo-1
cells were cultured in 90% human serum for 72 hours, cell
death was evident. Therefore, we shortened the incubation
time and observed that 48 hours after treatment, the effects
on growth inhibition were slightly weaker than those in the
previous study under 72 hours, as shown in Figure 2A, 2C.
BTA106 and KIH-IgM/HLA-DR retained their cytotoxic
effects in human serum, whereas conventional anti-IgM
antibodies did not (Figure 3A, 3B). Similar results were
obtained for BTA065 and KIH-IgM/CD20 (Figure 3C,
3D), and consistent effects were observed across different
donors (data not shown). These findings indicate that IgM-
dependent bispecific antibodies are effective even in the
presence of soluble antigens and that any molecule present
on B cells can be targeted by a pair of anti-IgM antibodies.
These effects did not depend on the core structures of the
bispecific antibodies.

Anti-IgM antibodies exhibit direct cytotoxicity
through apoptosis and cell-cycle arrest, independent of
immune mechanisms in the body such as ADCC and
CDC [28-30]. This is one of the advantages of anti-
IgM antibodies as therapeutic antibodies. Therefore, we
investigated whether IgM-dependent bispecific antibodies
induce apoptosis and cell-cycle arrest and verified whether
these mechanisms are activated in the presence of soluble
IgM. Figure 4A, 4B indicate that BTA106 and BTA065
increased the expression of apoptotic factors, cleaved
PARP and cleaved caspase 3, similarly to the parental
anti-IgM antibody. BTA106 or BTA065, but not the
parental anti-IgM antibody, induced the expression of
these apoptotic factors even in the presence of soluble
IgM. Surprisingly, BTA065 induced the expression of
apoptotic factors more potently than the parental anti-
IgM antibody. Additionally, the cytotoxic effects of
the IgM-dependent bispecific antibodies BTA124 and
BTA125 were stronger than those of their parental anti-
IgM antibodies (Supplementary Figure 2A, 2B). In Ramos
cells, BTA106 exhibited a remarkable enhancement

of apoptosis and growth inhibition compared with the
parental antibodies (Supplementary Figure 6A, 6B).
Mimori et al. [51] reported that cross-linking of anti-IgM
and anti-CD20 antibodies induces stronger apoptosis than
the anti-IgM antibody alone. Therefore, the advantage of
an IgM-dependent bispecific antibody over conventional
anti-IgM antibodies is that they not only retain their
efficacy in human serum but also enhance apoptosis and
inhibit proliferation. Subsequently, we performed a cell-
cycle analysis and found that BTA106 induced GO/1 cell-
cycle arrest. This effect was also observed in the presence
of purified soluble IgM (Figure 4C) and human serum
(Figure 4D). These results suggest that [gM-dependent
bispecific antibodies induce apoptosis and cell-cycle
arrest, even in the presence of soluble IgM, which is
consistent with the results of the cell viability assay shown
in Figures 2 and 3.

We evaluated the cytotoxic activity of BTA106
in several B-cell lymphoma cell lines and compared its
activity with that of rituximab, a standard treatment for
B-cell lymphoma. Similar to anti-HLA-DR antibodies,
BTA106 exhibited potent ADCC and CDC activity against
B-cell lymphoma cells (data not shown). Furthermore,
BTA106 showed direct cytotoxic activity similar to that
of anti-IgM antibodies (data not shown). Interestingly,
BTA106 showed high efficacy against cells derived from
ABC-DLBCL and MCL, which have been reported to
have a poor prognosis. Approximately 30—40% of patients
with B-cell lymphoma develop refractory disease and
relapse after rituximab-based therapy, which is a crucial
problem in lymphoma treatment [1, 4, 5]. One of the
causes of refractory disease and relapse after rituximab-
based therapy is the acquisition of resistance due to the
loss of CD20 expression. The RRBL1 cells, established
by Dr. Tomita, were derived from a patient with DLBCL
transformed from follicular lymphoma and showed
resistance to rituximab owing to CD20 deletion [47].
BTA106 induced more potent ADCC and CDC in RRBL1
cells than rituximab (Figure 5B, 5C). These results
indicate that BTA106 may be effective in patients with
various types of lymphomas. Additionally, BTA106 may
be effective against rituximab resistance.

HLA-DR is an attractive target for therapeutic
antibodies because anti-HLA-DR antibodies have been
reported to exhibit high ADCC and CDC activities
[43]. However, because HLA-DR is expressed not only
on B cells but also on other immune cells, the low cell
specificity of anti-HLA-DR antibodies may result in
toxicity. As shown in Figure 6C, the anti-HLA-DR
antibody bound equally to B and T cells. In fact, Tawara
et al. [45] reported that two cynomolgus monkeys treated
with the anti-HLA-DR antibody HD8 at 1.5 mg/kg showed
severe reactions and died after administration, although
it is not clear how HD8 administration resulted in death.
In contrast, BTA106 showed improved specificity for B
cells compared with HD8 (Figure 6D). Moreover, BTA106
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was well tolerated in single- and repeated-administration
studies conducted in cynomolgus monkeys. These results
suggest that BTA106 exhibits improved toxicity compared
with anti-HLA-DR antibodies.

BTA106 exhibited anti-tumor activity through
mechanisms such as ADCC, CDC, and direct cytotoxic
activity. Among these, ADCC and CDC activities are
exerted by effector cells that recognize the Fc region of
the antibody [35]. As BTA106 possesses a human Fc
region and is not recognized by mouse effector cells, we
considered that the anti-tumor activity of BTA106 would
be significantly reduced in mouse xenograft models
transplanted with human lymphoma tumors. However,
the human Fc region is recognized by effector cells in
cynomolgus monkeys and is therefore widely used to
evaluate its therapeutic efficacy of lymphoma drugs
[49, 52, 53]. Therefore, we chose cynomolgus monkeys
as an animal model to evaluate the efficacy in vivo. In
single-administration  and  repeated-administration
studies, BTA106 rapidly depleted B cells (Figure 7A,
7C). Moreover, the disappearance of lymph follicles
was observed after BTA106 administration in the dose-
escalation study, indicating that BTA106 reduces B cells in
both the peripheral and lymphoid tissues (Supplementary
Figure 3A-3C). These results indicate that BTA106
functions in the body, where soluble IgM is abundant
and can target B-cell lymphoma cells in both peripheral
and lymph tissues. Because BTA106 reduces B cells,
which are crucial for both adaptive and innate immunity,
it may cause infection-related adverse events similar to
other therapeutic antibodies for B-cell lymphoma, such as
rituximab, obinutuzumab, tafasitamab, and polatuzumab
vedotin. However, these adverse events can be controlled
by symptomatic treatment or discontinuation of the
medication. In addition, the frequency of infection-related
adverse events (Grade >3) was low in rituximab-based
therapy (7.5-12.6%), obinutuzumab-based therapy
(7.6-12.0%), polatuzumab vedotin and rituximab-based
therapy (15.2%), and tafasitamab-based therapy (all
infective pneumonia 9.9%, all urinary tract infection
2.5%, and upper respiratory tract infection 2.5%)
[54-56]. These antibody drugs were approved because
their benefits were considered to outperform these adverse
events. Our bispecific antibody may cause infection-
related adverse events similar to the approved antibody
drugs. However, we believe that the benefits of anti-
tumor effects outperform the cytotoxic effects, and our
bispecific antibody will represent a major advancement in
the treatment of poor-prognosis ABC-DLBCL and U-CLL.

In a study of repeated administrations, B-cell
recovery was accelerated with each administration, which
is thought to be due to the development of ADAs. Indeed,
high levels of ADAs against DA4.4 Fab were detected
in serum after repeated administrations of BTA106
(Supplementary Figure 4A). Therefore, it is necessary to
select alternative anti-IgM antibody clones, such as 4B9

and 6D9, to avoid ADA generation. We evaluated the
toxicity in these experiments, and no severe toxicity was
observed. For example, the body weight of the cynomolgus
monkeys did not change after single (data not shown) or
repeated administrations (Figure 7E). In addition, unlike
B cells, the disappearance of T cells was not observed
(Figure 7B, 7G), indicating that BTA106 has a high
selectivity for B cells. These results suggest that BTA106
is a notable therapeutic antibody for B-cell lymphoma. We
assessed the therapeutic efficacy of BTA106 based on the
reduction of normal B-cell levels in cynomolgus monkeys.
However, its efficacy on B-cell malignancies remains
unknown in vivo. Furthermore, as DA4.4 does not bind
to the mouse IgM, accurate evaluation is not feasible in
animal models such as patient-derived xenografts. Thus,
to assess the true therapeutic efficacy of BTA106, clinical
trials are necessary.

In conclusion, IgM-dependent bispecific antibodies
could overcome the decrease in anti-IgM antibody activity
caused by soluble IgM. Additionally, the bispecific
antibody modality is one of the approaches employed to
address the interference of antibody efficacy by soluble
antigens. Among IgM-dependent bispecific antibodies,
the anti-IgM/HLA-DR antibody showed high activity in
vitro and in vivo, indicating its potential as a therapeutic
antibody for B-cell lymphoma. Specifically, it is expected
to be a new treatment option for ABC-DLBCL, MCL, and
rituximab-resistant B-cell lymphoma, which have a poor
prognosis.

MATERIALS AND METHODS

Antibodies

The sequences of anti-human IgM (clone DA4.4)
[57], anti-human HLA-DR (clone HDS) [58], anti-human
CD20 (clone IDEC-C2BS, rituximab), anti-human CD32b
(clone 5A6) [59], anti-CD79b antibody (clone #89), anti-
human IgM (clones 4B9 and 6D9), and anti-human EGFR
(clone h425) antibodies are described in Supplementary
Table 1. The numbering of CDR was based on the Kabat
numbering system [60]. h425 was used as the control IgG.
Clones #89, # 4B9, and # 6D9 were obtained as follows.
BALB/c mice were immunized with CD79b-expressing
Sp2/0 cells (mouse myeloma cells, CRL-1581, American
Type Culture Collection, ATCC) or purified human IgM
(OBT1524, Bio-Rad). Subsequently, #89, #4B9, and
#6D9 were cloned from the hybridomas obtained by
fusing Sp2/0 cells with spleen cells from immunized mice.
Other DNA sequences for the heavy and light chains of
the antibodies were synthesized (Eurofins Genomics)
and fused with the 5" end of the human IgGl heavy
chain constant region and 5’ end of the kappa light chain
constant region, respectively. The constant region of the
human antibody IgG1 was amplified from cDNA derived
from human peripheral blood leukocytes (C1234148-10,

www.oncotarget.com

267

Oncotarget



Fujifilm Wako Pure Chemical). All antibodies were cloned
into the pcDNA 3.1 (+) vector (V79020, Thermo Fisher
Scientific). The bispecific antibodies used in this study
are listed in Table 1. Bispecific antibodies were generated
using the Cyslm or KIH technology. Importantly, control
bispecific antibodies were produced using KIH technology
to clarify whether differences in the core structure affected
antibody activity. Cyslm (g) was introduced at the CL-
CHI1 interface of anti-IgM antibodies, and the Fab of
antibodies against other B-cell antigens was wild-type
(Figure 1A). In the case of KIH, the heavy chain of DA4.4
was introduced with a knob mutation (T366W), and the
heavy chains of other B-cell antigen antibodies (HDS and
rituximab) were introduced with hole mutations (T366S,
L368A, and Y407V). Cyslm and KIH mutations were
introduced using the PrimeSTAR Mutagenesis Basal Kit
(R046A, TaKaRa Bio). The numbering of CysIm and KIH
mutations was based on the EU numbering system [61].
Antibodies were expressed using the ExpiCHO Expression
System Kit (A29133, Thermo Fisher Scientific). To
produce bispecific antibodies containing Cyslm (g)
and KIH, vectors for the two parental antibodies were
simultaneously transfected into ExpiCHO cells at a 1:1
ratio. Subsequently, the antibodies were purified from the
supernatants of ExpiCHO cells cultured for 10—14 days
after transfection, using a HiTrap Protein A HP Column
(17040201, Cytiva). Next, the bispecific antibodies were
purified using CEX (PL-SCX 1000A 8 um, Agilent).
Mobile phase A consisted of 10 mM 2-(N-morpholino)
ethanesulfonic acid (MES, pH 6.5, 349-01623, Fujifilm
Wako Pure Chemical), and mobile phase B consisted of
10 mM MES and 500 mM sodium chloride (pH 6.5, 191-
01665, Fujifilm Wako Pure Chemical). The flow rate was
1.0 mL/min with a linear gradient of 0.8%/min from 2% to
40% of mobile phase B. After sample loading, absorption
at 280 nm was recorded, and the elution behavior of the
proteins was monitored. Finally, bispecific antibodies
were dialyzed against PBS (#9808S, Cell Signaling
Technology). BTA106 used in the cynomolgus monkey
study was purified using a process different from that
used for BTA106 in the in vitro assay. BTA106 used in
the cynomolgus monkey study was purified using protein
A affinity chromatography (ProSep-vA, 113115827,
MERCK) and CEX (Nuvia HR-S, 1560513, Bio-Rad).
Additionally, BTA106 was purified using hydrophobic
interaction chromatography (CHT Typel, 7324755, Bio-
Rad) to remove endotoxins. The loading buffer was 10
mM sodium phosphate buffer (pH 6.5), consisting of
disodium hydrogen phosphate 12-water (196-02835,
Fujifilm Wako Pure Chemical) and sodium dihydrogen
phosphate dihydrate (192-02815, Fujifilm Wako Pure
Chemical). The elution buffer contained 5 mM sodium
phosphate and 1.5 M sodium chloride (pH 6.5). Finally,
BTA106 was dialyzed against citrate buffer composed of
25 mM sodium citrate (191-01785, Fujifilm Wako Pure
Chemical), 150 mM sodium chloride, and 0.014% Tween

80 (P1754-500ML, Merck) and was filtered through a 0.22
um filter (ADVANTEC).

Analysis of antibodies

Antibodies were analyzed using CEX (PL-SCX
1000A, 8 um) and SDS-PAGE under non-reducing or
reducing (50 mM dithiothreitol, 044-29221, Fujifilm Wako
Pure Chemical) conditions. CEX analysis was performed
using the conditions described in the section titled
“Antibodies” in the Materials and Methods. The gels were
stained with Coomassie Brilliant Blue R250 (27816-25G,
MERCK) and digitally imaged using LAS 4000 (Cytiva).
The molecular weights of the whole antibody (150 kDa),
heavy chain (50 kDa), and light chain (25 kDa) were
calculated using protein markers (1610375, Bio-Rad).

Cell lines

The human B-cell lymphoma cell lines JeKo-1
(CRL-3006), RL (CRL-2261), and Ramos (CRL-1596)
and human T-cell lymphoma HH cells (CRL-2105) were
obtained from the ATCC. U2932 (ACC-633) and B104
(JCRBO0117) were obtained from the German Collection
of Microorganisms and Cell Cultures (DSMZ) and the
Japanese Collection of Research Bioresources (JCRB)
cell bank, respectively. The rituximab-resistant DLBCL
cell line RRBL1 was kindly gifted by Dr. Akihiro Tomita
(Fujita Health University School of Medicine, Aichi,
Japan) [47]. JeKo-1 cells were cultured in RPMI 1640
(11875-119, Thermo Fisher Scientific) supplemented with
20% fetal bovine serum (FBS, Thermo Fisher Scientific),
100 U/mL penicillin, and 100 pg/mL streptomycin (P0781-
100ML, MERCK) at 37°C in a 5% CO, incubator. B104,
RL, Ramos, HH, U2932, and RRBLI1 cells were cultured
in RPMI 1640 supplemented with 10% FBS, 100 U/mL
penicillin, and 100 pg/mL streptomycin at 37°C in a 5%
CO, incubator. ExpiCHO cells were cultured in ExpiCHO
expression medium (A2910001, Thermo Fisher Scientific)
at 37°C in an 8% CO, incubator on an orbital shaker (125
rpm). All cell lines were utilized within 6 months after
resuscitation.

Cell viability assay

Tumor cells were incubated with antibodies for 72
hours in each culture medium with or without different
concentrations of purified soluble IgM in a 5% CO,
incubator at 37°C. Cell viability was determined using the
Cell Counting Kit-8 (343-07623, Dojindo Laboratories).
The maximum cell death was determined by lysis in 1%
Triton X-100 (X100-100ML, MERCK). The absorbance
was measured at 450 nm using iMark (Bio-Rad) to
calculate cell viability. The incubation time for the cells
treated with or without 90% human serum and 10%
culture medium was 48 hours. Human serum was isolated
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from the blood of a healthy human. Cell viability was
determined using the real-time Glo MT cell viability assay
(G9711, Promega). Luminescence was measured using
GloMax Explorer (GM3500; Promega).

Western blotting

Tumor cells were incubated with antibodies for the
indicated times in Figure 4A, 4B. The cells were harvested
and homogenized in RIPA buffer containing 25 mM Tris-
HCI (207-06275, Fujifilm Wako Pure Chemical), 150 mM
sodium chloride, 1% Nonidet P40 substitute (492016,
MERCK), 0.25% sodium deoxycholate (044-18812,
Fujifilm Wako Pure Chemical), 0.1% SDS, and 1% protease
inhibitor (539134, MERCK). The protein concentration in
the cell lysates was measured using the Pierce BCA protein
assay kit (23227, Pierce). SDS-PAGE sample buffer was
added to 5 pg of the cell lysate and incubated at 95°C for
5 minutes. Subsequently, the lysates were subjected to
SDS-PAGE using 4-20% gradient polyacrylamide gels
and transferred to a nitrocellulose membrane (170-4158,
BIO-RAD). The blots were blocked with 5% skim milk
(198-10605, Fujifilm Wako Pure Chemical) in tris buffered
saline with tween 20 containing 10 mM Tris-HCI, 150 mM
sodium chloride, and 0.05% Tween 20 (P7949-100ML,
MERCK) and incubated with anti-cleaved-caspase 3
(#9664, Cell Signaling Technology), anti-cleaved PARP
(#5625, Cell Signaling Technology), and anti-actin f
antibodies (#4970, Cell Signaling Technology). The blots
were detected using a horseradish peroxidase (HRP)-
conjugated anti-rabbit IgG antibody (#7074, Cell Signaling
Technology) and an enhanced chemiluminescence reagent
(RPN2232, Cytiva). The blots were imaged using the LAS
4000 system (Cytiva).

Cell-cycle analysis

Tumor cells were treated with antibodies and
incubated at 37°C in a 5% CO, incubator for 24 hours.
The cells were stored in 70% ethanol at —20°C for over
24 hours for permeabilization and to fix the cells. They
were then stained with 25 pg/mL propidium iodide (PI,
P4170, MERCK) for 30 minutes and analyzed using flow
cytometry (CYTOMICS FP 500, Beckman Coulter).

Assessment of apoptotic cells

Ramos cells were treated with antibodies (1,000 ng/
mL) at 37°C in a 5% CO, incubator for 24 hours. The cells
were fixed with 1% glutaraldehyde (073-00536, Fujifilm
Wako Pure Chemical) for 24 hours. The cells were stained
with 4',6-diamidino-2-phenylindole and observed under
a fluorescence microscope (FluoView FV10i, Olympus).
Cells with condensed and fragmented nuclei were counted.
The percentage of apoptotic cells was calculated as the
number of apoptotic cells per count of total cells.

Cytotoxicity assays

In the ADCC assay, tumor cells were stained
with PKH67 (MINI67-1KT, MERCK) and incubated
with antibodies and human PBMCs as effector cells for
3 hours under 5% CO, at 37°C. The effector to target
ratio was 20:1. PBMCs were isolated from the blood of
a healthy donor using Lympholyte (CL5115, Cedarlane
Laboratories). The lysed cells were stained with PI for
30 minutes, and the percentage of lysed tumor cells
stained with PKH67 and PI was measured using flow
cytometry. In the CDC assay, tumor cells were incubated
with antibodies and human complement (S1764-5X1ML,
MERCK) for 4 hours in 5% CO, at 37°C. Cell viability
assays were performed using the Cell Counting Kit-8. The
absorbance was measured at 450 nm using iMark (Bio-
Rad). Maximum cell death was determined by lysis in 1%
Triton X-100 (X100-100ML, MERCK).

Binding assays

The antibodies were conjugated with Alexa Fluor
488 using an Alexa Fluor 488 Monoclonal Antibody
Labeling Kit (A20181, Thermo Fisher Scientific). JeKo-
1 cells were labeled with an anti-human CD19 antibody
conjugated with phycoerythrin (clone HIB19, 555413, BD
Biosciences) and mixed with HH cells at a ratio of 1:5.
Subsequently, the mixed cells were treated with antibodies
conjugated with Alexa Fluor 488 for 1 hour, followed by
flow cytometry.

Evaluation of efficacy and toxicity in cynomolgus
monkeys

A single-dose study and dose-escalation study of
BTA106 were conducted at Shin Nippon Biomedical
Laboratories, Ltd. (Japan). In the single-administration
study, BTA106 (20 mg/kg) was injected intravenously
into male cynomolgus monkeys on day 0, and blood
samples were collected on days 0, 1, 2, 3, 5, 7, 10,
and 14. B and T cells were labeled with an anti-CD20
antibody conjugated with allophycocyanin (APC, clone
2H7, BioLegend) and an anti-CD3 antibody conjugated
with Alexa Fluor 488 (clone SP34-2, BD Biosciences),
respectively. The number of B and T cells was measured
using flow cytometry (FACSCalibur, BD Biosciences). A
repeated-administration study of BTA106 was conducted
at the BoZo Research Center, Inc. (Japan). In the repeated
administration study, BTA106 (10 and 30 mg/kg) was
injected intravenously into female cynomolgus monkeys
on days 0, 7, 14, and 28, and blood samples were collected
ondays 0, 1, 7,8, 14, 15, 21, 22, 28, and 29. B and T cells
were labeled with an anti-CD20 antibody conjugated with
APC (clone 2H7) and an anti-CD3 antibody conjugated
with Alexa Fluor 488 (clone SP34-2), respectively, and
analyzed using flow cytometry (BD FACSCanto, BD
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Biosciences). Body weights were measured on days -7,
0,7, 14,21, and 28. In the dose-escalation study, a female
cynomolgus monkey was intravenously administered
BTA106 at doses of 1, 3, 10, and 20 mg/kg on days 0, 2, 4,
and 6, respectively. A cynomolgus monkey was sacrificed,
and axillary lymph nodes were sampled on day 8. Axillary
lymph nodes were stained with hematoxylin (131-09665,
Fujifilm Wako Pure Chemical) and eosin (050-06041,
Fujifilm Wako Pure Chemical).

Hematological analysis

Hematological analysis was performed in a repeated-
administration study. Blood samples were collected from
cynomolgus monkeys on days 0, 1, 7, 8, 14, 15, 21, 22,
28, and 29. Values of platelets (10*/uL), neutrophils (%),
eosinophils (%), basophils (%), monocytes (%), red blood
cells (10%/uL), mean corpuscular volume (MCV, fL), mean
corpuscular hemoglobin (MCH, pg), mean corpuscular
hemoglobin concentration (MCHC, g/dL), reticulocytes
(%), hemoglobin (g/dL), and hematocrit (%) were
measured using ADVIA2120i (Siemens Healthineers).

ELISA for detecting ADASs

Cynomolgus serum samples were collected on
days 0, 1,7, 8, 14, 15, 21, 22, 24, and 28. DA4.4 Fab or
HDS8 Fab digested with papain (P3125-25MG, MERCK)
was coated onto a 96-well microplate. Subsequently,
it was incubated for 1 hour with serum obtained from
cynomolgus monkeys diluted 1/100 in PBS. After
washing with PBS with tween 20, the captured ADAs
were incubated with an anti-cynomolgus IgG Fc antibody
conjugated with horseradish peroxidase (SAB3700766,
MERCK). Peroxidase substrate (5120-0032, SeraCare
Life Science) was added to the plate and incubated for 15
minutes, followed by the measurement of absorbance at
405 nm using a microplate reader (iMark, Bio-Rad).

Statistics

Data are presented as the mean + standard deviation
(S.D.). Multiple comparisons were performed using one-
way analysis of variance (ANOVA) with the Tukey—
Kramer or Dunnett’s multiple comparison tests. Statistical
significance was determined using Excel Statistics Ver. 7
(ESUMI). Differences were considered significant when
the P-value was < 0.05.
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