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ABSTRACT
Immunostimulatory antibodies against the tumor necrosis factor receptors (TNFR) are emerging as promising
cancer immunotherapies. The agonism activity of such antibodies depends on crosslinking to Fc gamma RIIB
receptor (FcgRIIB) to enable the antibody multimerization that drives TNFR activation. Previously, Fc
engineering was used to enhance the binding of such antibodies to Fcg receptors. Here, we report the
identification of Centyrins as alternative scaffold proteins with binding affinities to homologous FcgRIIB and
FcgRIIA, but not to other types of Fcg receptors. One Centyrin, S29, was engineered at distinct positions of
an anti-OX40 SF2 antibody to generate bispecific and tetravalent molecules named as mAbtyrins. Regardless
of the position of S29 on the SF2 antibody, SF2-S29 mAbtyrins could bind FcgRIIB and FcgRIIA specifically
while maintaining binding to OX40 receptors. In a NFkB reporter assay, attachment of S29 Centyrin
molecules at the C-termini, but not the N-termini, resulted in SF2 antibodies with increased agonism owing
to FcgRIIB crosslinking. The mAbtyrins also showed agonism in T-cell activation assays with immobilized
FcgRIIB and FcgRIIA, but this activity was confined to mAbtyrins with S29 specifically at the C-termini of
antibody heavy chains. Furthermore, regardless of the position of the molecule, S29 Centyrin could equip an
otherwise Fc-silent antibody with antibody-dependent cellular phagocytosis activity without affecting the
antibody’s intrinsic antibody-dependent cell-meditated cytotoxicity and complement-dependent
cytotoxicity. In summary, the appropriate adoption FcgRII-binding Centyrins as functional modules
represents a novel strategy to engineer therapeutic antibodies with improved functionalities.
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Introduction

Immunotherapies have emerged as promising cancer therapeu-
tics in recent years. One important class involves the use mono-
clonal antibodies directed against critical inhibitory and
stimulatory receptors on components of the immune system to
stimulate antitumor immunity.1,2 Success has been achieved in
the clinic with antibodies against the inhibitory receptors
CTLA-4 and PD-1, with recent approvals for several cancer
indications. Progress is being made in the development of ago-
nist antibodies directed against the immunostimulatory recep-
tors, especially members of the tumor necrosis factor receptor
superfamily (TNFRSF) such as OX40, CD27, 4–1BB, and GITR
on T cells and CD40 on antigen-presenting cells.3-7 Activation
of these receptors by the agonistic antibodies leads to the acti-
vation and proliferation of effector T cells and antigen-present-
ing cells for antitumor immunity. In addition, the effector
functions of anti-OX40 and anti-GITR antibodies play pivotal
roles in eliminating intratumoral regulatory T cells (Tregs),
which negatively modulate tumor immunity.8,9

The activation of TNFRSF depends on receptor clustering that
is typically mediated through interactions with their cognate

oligomeric ligands. Agonistic antibodies, however, facilitate cross-
linking of TNFRSF via engagement with the inhibitory FcgRIIB
receptor to activate downstream signaling pathways.10-14 In
several settings, the effector functions of anti-TNFRSF antibod-
ies depend on their engagement with activating Fcg recep-
tors.8,9 Because human IgG antibodies have poor binding
affinities to most human Fc receptors except FcgRI, Fc engi-
neering approaches were adopted to optimize antibody-Fcg
receptor engagements. Mutations such as SELF (S267E/L328F,
EU numbering) and a set of six mutations collectively known
as V12 mutations were found to enhance the FcgRIIB binding
affinities of IgG1 antibodies, and thus improve the agonism of
several therapeutic antibodies.10,11,15-18 However, both engi-
neering approaches affect IgG1 antibody binding to FcgRIIIA
and the associated antibody-dependent cell-meditated cytotox-
icity (ADCC) activity.17 Several Fc mutations have subse-
quently been identified that can facilitate antibody
multimerization upon antigen binding.19,20 Such mutations
could facilitate FcgRIIB-independent agonism enhancement
with clustered anti-OX40 antibody.17,20 Furthermore, likely due
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to increased binding of Fcg receptors to clustered antibodies
with IgG1 Fc, the engineered anti-OX40 antibody showed an
additional boost of agonism and elevated effector functions.17,20

Besides Fc engineering, we hypothesized that an alternative
scaffold protein with binding affinity and specificity to Fcg
receptors could be engineered on an antibody as a functional
module to provide the Fcg binding capability. In this regard,
Centyrins, a small and stable scaffold protein based upon the
framework of FN3 domain from human fibronectin,21 can
accommodate sequence diversities in selective strands and
loops that provide the binding interfaces to other proteins. By
CIS display panning, Centyrins with high affinity and specific-
ity against multiple targets were successfully obtained.22 In this
study, we report the identification of Centyrins with binding
specificity to FcgRII receptors. When fused to an anti-OX40
antibody in appropriate configurations, the Centyrins enabled
both agonism and antibody-dependent cellular phagocytosis
(ADCP) activities. Adopting a versatile functional module rep-
resented a novel strategy to engineer anti-TNFRSF antibodies
with desired functionalities.

Results

Screening for high-affinity Centyrins binding to FcgRIIB
by CIS display panning

CIS-display panning was employed to identify FcgRIIB-binding
Centyrins. A recombinant extracellular domain of FcgRIIB was
used as the antigen in panning. The Centyrin libraries were con-
structed with highly diversified sequences in distinct strand and
loop regions of the FN3 domain, including the BC loop, CD
loop, FG loop, C strand and F strand.21,22 The pannings were
performed through five successive rounds with increasing selec-
tion stringency upon each round. Multiple distinct panning
approaches, including excess non-specific competitors and nega-
tive selections, were executed to select specific, high affinity bind-
ing Centyrins. Through these efforts, 140 clones were identified
from the primary screenings. These clones were sequenced and
evaluated for binding to recombinant FcgRIIB and FcgRIIA
extracellular domains. Fifty-eight sequence-unique Centyrins
were thus identified, with many showing similar binding affini-
ties to FcgRIIB and FcgRIIA. By size-exclusion chromatography
(SEC), 24 Centyrins eluted as a single protein peak with the size
of a monomer.

Besides binding to recombinant FcgRII, the 58 Centyrins
were tested for binding to FcgRIIB and FcgRIIA expressed on
the surface of transfected Expi293F cells via flow cytometry.
Promising Centyrins were engineered to the C-termini of heavy
chains of an anti-OX40 antibody SF223 with the silent
IgG2s Fc.24 Such antibody-Centyrin bispecific fusion proteins
were named as mAbtyrins. The mAbtyrins were assessed for
binding to FcgRIIB and FcgRIIA expressed on the surface of
transfected Expi293F cells. In addition, the agonistic activities
of mAbtyrins were evaluated by a NF-kB reporter assay that
was successfully employed previously in assessing the agonism
of Fc-engineered SF2 antibodies.17 Through these screenings, 7
Centyrins that had binding affinities to both FcgRIIB and
FcgRIIA and showed agonism in NF-kB reporter assay depen-
dent upon crosslinking to FcgRIIB were identified. Among

them, Centyrin S29, assessed to be the most potent in binding,
was evaluated comprehensively and documented in this study.

Engineering S29 Centyrins on SF2 antibody

S29 Centyrin, with 13 residues deviation relative to the native
Centyrin sequence with 89 amino acids, showed equal binding
potency to recombinant FcgRIIB and FcgRIIA extracellular
domains with an EC50 value of about 3 nM in an ELISA binding
assay. S29 Centyrin molecules were attached at different positions
of SF2 antibodies via four repeats of Gly-Gly-Gly-Gly-Ser as the
linker to evaluate the effects of configurations on the activities of
SF2-S29 mAbtyrin. Specifically, S29 Centyrins were engineered
at the C-termini of heavy chains (SF2IgG2s_S29_HC-C), C-ter-
mini of light chains (SF2IgG2s_S29_LC-C), N-termini of heavy
chains (SF2IgG2s_S29_HC-N) and N-termini of light chains
(SF2IgG2s_S29_LC-N) of SF2IgG2s, the SF2 antibody with
IgG2s Fc (Fig. 1A). S29 Centyrins were also engineered at the C-
termini of heavy chains (SF2IgG1_S29_HC-C) and light chains
(SF2IgG1_S29_LC-C) of SF2 antibody with IgG1 Fc (SF2IgG1).
The mAbtyrins were expressed in Expi293F cells with compara-
ble levels to corresponding antibodies, and could be efficiently
purified by protein A-based affinity chromatography.

The proper engineering of the S29 Centyrin molecules on SF2
antibody was confirmed by SDS-PAGE analysis of mAbtyrins
under reducing conditions (Fig. 1B). The SF2 antibody heavy and
light chain had a molecular weight of about 50 kDa and 25 kDa,
respectively. The heavy and light chains of corresponding mAbtyr-
ins with the 10 kDa S29 Centyrin attachedmigrated on the gel with
a molecular weight around 60 kDa and 35 kDa, respectively. SEC
analysis revealed that mAbtyrins were predominantly monomers
in solution, just as the corresponding SF2 antibodies (Fig. 1C).
However, the presence of the two fused Centyrins with a combined
20 kDa molecular weight resulted in SEC elution of mAbtyrins as
monomeric protein peaks with a shorter elution time than the cor-
responding antibodies. The mAbtyrins with Centyrins fused at the
C-termini of light chains had a slightly longer elution time relative
to others, likely due to a unique conformation they adopted that
favored retention on the SEC column. SDS-PAGE analysis of
mAbtyrins under non-reducing conditions revealed that all the
mAbtyrins migrated on the gel withmajor bands around 170 kDa.

S29 Centyrin facilitated mAbtyrins with binding capacity
to FcgRIIB and FcgRIIA

The binding of mAbtyrins to FcgRIIB and FcgRIIA receptors
expressed on transiently-transfected Expi293F cells were assessed
by flow cytometry-based binding assays. The proper expression of
FcgRIIB and FcgRIIA receptors were confirmed via monoclonal
antibodies to FcgRIIB (2B6)25 and FcgRIIA (IV.3),26 respectively
(Fig. 2). While the SF2IgG1 and SF2IgG2s antibodies had no or
poor binding to FcgRIIB, addition of S29 Centyrins enabled mAb-
tyrins with either IgG1 or IgG2s Fc to bind FcgRIIB, regardless of
their positions (Fig. 2A), in a manner similar to the enhancement
of antibody binding to FcgRIIB enabled by the S267E/L328F or
V12 mutations.15-17 The mAbtyrins with S29 Centyrins fused at
the C-termini of heavy chains showed about two-fold better effi-
cacy in binding to FcgRIIB relative to others. The S29 Centyrin
molecules, when attached to SF2IgG2s, enabled the resulting
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mAbtyrins to have binding capacity to FcgRIIA as well (Fig. 2B).
Although SF2IgG1 antibody showed binding to FcgRIIA at higher
concentrations, the S29 Centyrins attached to the C-termini
greatly enhanced the potency of SF2IgG1_S29_HC-C and
SF2IgG1_S29_LC-C binding to FcgRIIA (Fig. 2B). Inferred from
the EC50 values of dose-response curves, all the mAbtyrins,
regardless of the S29 positions, showed less than 2-fold differences
in binding potency to FcgRIIB and FcgRIIA receptors. They also
had slightly better potencies compared to the 2B6 and IV.3 anti-
bodies, respectively (Fig. 2).

The binding of mAbtyrins to FcgRI and FcgRIIIA receptors
expressed on transiently-transfected Expi293F cells were also
assessed. The expression of FcgRI and FcgRIIIA receptors were
confirmed by monoclonal antibodies specific to FcgRI (10.1)27

and FcgRIIIA (3G8),28 respectively (Fig. S1). SF2IgG2s anti-
body had minimal binding to either FcgRI or FcgRIIIA due to
the silent nature of IgG2s Fc.24 As expected, S29 Centyrin mol-
ecules failed to enable mAbtyrins based on SF2IgG2s to bind
either FcgRI or FcgRIIIA, no matter where they were posi-
tioned (Fig. S1). The mAbtyrins based on SF2IgG1 showed
dose-dependent binding to FcgRI or FcgRIIIA, but the poten-
cies of binding were less than 2-fold different from that of
SF2IgG1 antibody (Fig. S1). These data indicated that S29 Cen-
tyrin mediated binding specifically to FcgRIIB and FcgRIIA,
but not to FcgRI or FcgRIIIA.

The agonism of mAbtyrins in NFkB reporter assay

The agonistic activities of the SF2 antibody depend on cross-
linking to FcgRIIB receptors.17 Since the S29 Centyrin had
binding affinities to FcgRIIB receptors, the functional effects of

S29 Centyrin on the agonism of mAbtyrins were evaluated by a
HEK-Blue NF-kB reporter assay in which the mAbtyrins were
applied to HEK-Blue: OX40 cells co-cultured with human B
lymphoblastoid Raji cells that had FcgRIIB expression.29 Such
an assay system was employed previously to assess increased
agonism of SF2 antibody with engineered Fc in a FcgRIIB
crosslinking-dependent fashion.17

Before the assay was performed, binding of mAbtyrins to
Raji cells expressing FcgRIIB receptors and HEK-Blue: OX40
cells expressing OX40 receptors was evaluated by flow cytome-
try-based binding assays. Regardless of S29 architecture, the
mAbtyrins showed binding affinities to Raji cells that was simi-
lar to SF2 antibody engineered with either S267E/L328F or V12
mutations,17 while the SF2IgG1 and SF2IgG2s antibodies had
no binding activities (Fig 3A). The mAbtyrins with S29 Centyr-
ins fused at the C-termini of heavy chains showed about two-
fold better efficacies in binding to Raji cells relative to the
others. In contrast, all the mAbtyrins showed binding to HEK-
Blue: OX40 cells as the SF2IgG1 and SF2IgG2s antibodies with
less than 4-fold differences in binding potency, although the
mAbtyrins had lower efficacies in binding relative to the corre-
sponding antibodies, especially for SF2IgG2s_S29_HC-C
(Fig. 3B). This indicated that the S29 Centyrins, regardless of
where they were positioned, did not abrogate the binding of
mAbtyrins to OX40 receptors.

In the HEK-Blue NF-kB reporter assay, neither SF2 anti-
bodies nor mAbtyrins showed agonistic activity when these
molecules were applied to HEK-Blue: OX40 cells in the
absence of crosslinker (Fig. 4). When crosslinked to protein
G beads via Fc binding, all SF2 antibodies and mAbtyrins
could stimulate reporter gene expression in a dose-

Figure 1. Generation of SF2 mAbtyrins. (A) Cartoon diagrams illustrating mAbtyrins employed in this study in which the S29 centyrins (green oval ball) were attached at the
C-termini of heavy chains (SF2IgG2s_S29_HC-C and SF2IgG1_S29_HC-C), C-termini of light chains (SF2IgG2s_S29_LC-C and SF2IgG1_S29_LC-C), N-termini of heavy chains
(SF2IgG2s_S29_HC-N), or N-termini of light chains (SF2IgG2s_S29_LC-N) of SF2 antibody. (B) Protein band image of antibodies and mAbtyrins resolved by SDS-PAGE (4–
12% gel) under reduced condition. (C) SEC profiles of SF2 antibodies and mAbtyrins. The y axes are Absorbance at 280 nm (mAU) and the x axes are retention times (min).
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dependent manner to levels better than 1 mg/mL OX40
ligand, indicating that the mAbtyrins were functional agonist
molecules upon the presence of crosslinking. However, with
co-cultured Raji cells, the antibodies and mAbtyrins showed
dramatically different agonistic properties (Fig. 4). Neither
SF2IgG1 nor SF2IgG2s antibodies showed agonism due to
the inability of these respective Fc domains to bind FcgRIIB
on Raji cells. The mAbtyrins in which the S29 Centyrins
were positioned at the C-termini of either the heavy
or light chains of SF2IgG2s (SF2IgG2s_S29_HC-C and
SF2IgG2s_S29_LC-C) or of SF2IgG1 (SF2IgG1_S29_HC-C
and SF2IgG1_S29_LC-C) could stimulate reporter gene
expression in a dose-dependent manner (Fig. 4). The maximal
degrees of stimulation were in the range of 70%-90% of activities
induced by 1 mg/mL OX40 ligand, while SF2 antibody engineered
with either S267E/L328F or V12 mutations showed over 2-fold
better efficacy relative to OX40 ligand.17 In contrast, the mAbtyr-
ins in which the S29 Centyrins were positioned at the N-termini
of SF2IgG2s (SF2IgG2s_S29_HC-N and SF2IgG2s_S29_LC-N)
showed very little agonism (Fig. 4), although they showed compa-
rable binding to Raji cells and HEK-Blue: OX40 cells as those
mAbtyrins with C-terminal attachments (Fig. 3). These data indi-
cated that the S29 Centyrins could endow agonism to SF2

antibodies, regardless the IgG1 or IgG2 subtypes, by facilitating
the crosslinking to FcgRIIB on Raji cells. However, this effect
depended on the location of the N versus C terminal position of
the Centyrin fusion on the SF2 antibodies.

The agonism of mAbtyrins in T cell activation assay

The functional effects of S29 Centyrins on the agonism of SF2
mAbtyrins were also evaluated by a T-cell activation assay
(TCA) in which the mAbtyrins were applied to isolated CD4C

T cells in the presence of immobilized suboptimal amount of
anti-CD3 OKT3 antibody and recombinant FcgRIIB or
FcgRIIA extracellular domains to provide the crosslinking
activities. The activation of the T cells due to the agonism of
the mAbtyrins was measured by quantitation of the induced
interferon (IFN)g and TNFa expression.

First, binding of mAbtyrins to recombinant FcgRIIB or
FcgRIIA extracellular domains coated on the assay plates were
evaluated by ELISA-based binding assays. Although the
SF2IgG1 and SF2IgG2s antibodies had little binding activities
to FcgRIIB, the mAbtyrins, no matter where the S29 Centyrins
were attached, showed binding to recombinant FcgRIIB dose-
dependently (Fig. 5A). Similarly, the S29 Centyrins could

Figure 2. Binding properties of SF2 antibodies and mAbtyrins to FcgRII receptors expressed on cell surface. Increasing concentrations (3 to 10000 ng/mL) of SF2 antibod-
ies and mAbtyrins were assessed for their binding to Expi293F cells transfected with human FcgRIIB receptor (A) and FcgRIIA receptor (B) by flow cytometry assays. Anti-
FcgRII receptor antibodies 2B6 and IV.3 were also assessed for their binding to FcgRIIB receptor (A) and FcgRIIA receptor (B), respectively. Mean fluorescence signals
were plotted against the concentrations of test agents (Data expressed as mean § SEM, n � 2).
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Figure 3. Binding of SF2 antibodies and mAbtyrins to Raji cells and HEK-Blue: OX40 cells. Increasing concentrations (3 to 10000 ng/mL) of SF2 antibodies and
mAbtyrins were assessed for their binding to Raji cells (A) and HEK-Blue: OX40 cells (B) by flow cytometry assays. Anti- FcgRIIB antibody 2B6 was also assessed
for its binding to FcgRIIB receptors expressed on Raji cells (A). Mean fluorescence signals were plotted against the concentrations of test agents (Data
expressed as mean § SEM, n D 2).

Figure 4. HEK-Blue NF-kB reporter assay for the assessment of agonism of SF2 antibodies and mAbtyrins. Increasing concentrations (10 to 1000 ng/mL) of SF2 antibodies
and mAbtyrins as indicated were applied to HEK-Blue: OX40 cells and their agonistic activities were assessed by HEK-Blue NF-kB reporter assay. Similar assays were also
set up to evaluate the agonism by co-culturing HEK-Blue: OX40 cells with Raji cells or in the presence of protein G beads. The agonistic activities of SF2 antibodies and
mAbtyrins, normalized as percent activity relative to that driven by 1 mg/mL OX40 ligand, were plotted against the concentrations of test agents (Data expressed as
mean § SEM, n �3).
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endow SF2 antibodies with binding to FcgRIIA as well
(Fig. 5B). The S29 Centyrins at the C-termini of light chains of
SF2 (SF2IgG2s_S29_LC-C and SF2IgG1_S29_LC-C) had less
potency in binding to FcgRIIB and FcgRIIA relative to other
mAbtyrins.

For the T-cell activation assay, CD4C T cells isolated
from peripheral blood mononuclear cells (PBMC) were cul-
tured in the presence of 1 mg/mL phytohemagglutinin over-
night to induce OX40 receptor expression. In the presence
of suboptimal amounts of OKT3 antibody, neither SF2IgG1
nor SF2IgG2s mAb had significant agonistic activity like
the isotype control antibodies. The positive control OX40
ligand facilitated significant IFNg or TNFa expression in a
dose-dependent fashion (Fig. 6, S2). Only the mAbtyrins
with the S29 Centyrins on the C-termini of heavy chains
(SF2IgG2s_S29_HC-C and SF2IgG1_S29_HC-C) could
dose-dependently facilitate significant IFNg (Fig. 6A) or
TNFa (Fig. S2) expression in the presence of immobilized
FcgRIIB extracellular domain. In contrast, mAbtyrins with
other configurations failed to induce T cell activation
(Fig. 6A, S2A), although they showed comparable binding
to FcgRIIB in ELISA-based binding assays (Fig. 5A). Simi-
larly, only SF2IgG2s_S29_HC-C and SF2IgG1_S29_HC-C
mAbtyrins could dose-dependently facilitate significant
IFNg (Fig. 6B) or TNFa (Fig. S2B) expression in the

presence of immobilized FcgRIIA extracellular domain. The
omission of coating either the OKT3 antibody or FcgRII
receptors on the plate prior to the assay failed to support
the agonistic activities of SF2IgG2s_S29_HC-C and
SF2IgG1_S29_HC-C, suggesting that the agonism activity of
these mAbtyrins depended on T cell receptor activation and
FcgRII receptor crosslinking. These observations indicated
that the S29 Centyrins could endow agonism to SF2 anti-
bodies, regardless the IgG1 and IgG2s subtypes, in the T
cell activation assay by facilitating the crosslinking to
FcgRIIB or FcgRIIA. However, this effect was confined
only to the mAbtyrins in which S29 Centyrin molecules
were positioned at the C-termini of antibody heavy chains.

Fc effector functions of mAbtyrins

The S29 Centyrin had binding affinity to FcgRIIA, which is
one of the major Fc receptors mediating ADCP.30 The
ADCP activities of the mAbtyrins were thus evaluated by the
phagocytosis of green fluorescent protein (GFP)-expressing
HEK-Blue: OX40 cells by differentiated macrophages. While
the SF2IgG2s antibody did not show ADCP activity in this
assay, the S29 Centyrins, regardless of where they were posi-
tioned, could dose-dependently endow the mAbtyrins with
elevated killings of HEK-Blue: OX40 target cells by the

Figure 5. Binding of SF2 antibodies and mAbtyrins to recombinant FcgRII receptors. Increasing concentrations (3 to 10000 ng/mL) of SF2 antibodies and mAbtyrins were
assessed for their binding to purified plate-bound recombinant FcgRIIB receptor (A) and FcgRIIA receptor (B) by ELISA assays. OD at 450 nm were plotted against the con-
centrations of test agents (Data expressed as mean § SEM, n D 2).
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macrophages (Fig. 7A). On the other hand, the SF2IgG1
antibody had ADCP activity and the S29 Centyrins could
endow the corresponding mAbtyrins (SF2IgG1_S29_HC-C
and SF2IgG1_S29_LC-C) with slightly more efficient phago-
cytosis (Fig. 7A). These data indicated that the S29 Centyrins
could facilitate ADCP activity of SF2 antibodies regardless
the IgG subtypes and the configuration of the mAbtyrins.

The ADCC activities of the mAbtyrins were also evaluated
by a FcgRIIIA-mediated ADCC reporter bioassay.31 The
SF2IgG2s antibody did not have ADCC activity in this assay
due to the silent Fc. The mAbtyrins based on SF2IgG2s were
also silent in ADCC (Fig. 7B) since the S29 Centyrin did not
have binding activity to FcgRIIIA (Fig. S1B). Likewise, the
SF2IgG1_S29_HC-C and SF2IgG1_S29_LC-C mAbtyrins
showed similar ADCC activity as SF2IgG1 (Fig. 7B).

The complement-dependent cytotoxicity (CDC) activities
of the mAbtyrins were determined by a rabbit complement-
mediated cell killing assay.17 Neither the SF2IgG2s nor
SF2IgG1 antibody had significant CDC activity towards
HEK-Blue: OX40 target cells up to 10000 ng/mL. As shown
in Fig. 7C, all the tested mAbtyrins remained silent in CDC
assays.

Discussion

In order to improve the antitumor immunity of agonistic anti-
bodies directed against immunostimulatory TNFRSFs, Fc engi-
neering approaches have been adopted to optimize their
binding to selective Fcg receptors to enhance antibody func-
tions.15,16 In this study, we evaluated a novel strategy by devel-
oping Centyrins as alternative scaffold proteins with binding
affinity and specificity to FcgRII receptors. Such Centyrins can
serve as functional modules to be engineered on antibodies,
and the resulting mAbtyrins gained agonistic and ADCP activi-
ties owing to the engagements to FcgRII receptors by the Cen-
tyrin module.

Although our initial intention was to identify Centyrins with
specific binding to FcgRIIB, all the Centyrins identified through
the panning showed affinities to both FcgRIIB and FcgRIIA.
This is likely due to the high sequence similarity between
FcgRIIB and FcgRIIA, with a difference in only 10 amino acids
scattered in their extracellular domains of 180 amino acids.32

S29 Centyrin showed FcgRII binding activities in various assay
formats, recognizing not only recombinant FcgRII receptor
extracellular domains, but also receptors expressed on the

Figure 6. FcgRII-crosslinking dependent T cell activation assay for the assessment of agonism of SF2 antibodies and mAbtyrins. Increasing concentrations (10 to 1000 ng/
mL) of testing agents as indicated were applied to CD4C T cells in assay plate pre-coated with OKT3 antibody and recombinant FcgRIIB (A) or FcgRIIA (B) receptors. T cell
activation in terms of induced expression of cytokines IFNg were assessed. The amount of IFNg were plotted against the concentrations of test agents (Data expressed as
mean § SEM, n D 6 of T cells from two donors).
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surface of transfected Expi293F and Raji cells. S29 had specific-
ity in binding, with affinity to FcgRII but not to FcgRI or
FcgRIIIA receptors. S29 showed high affinity bindings to both
FcgRII receptors with potencies at least comparable to antibod-
ies directed to FcgRIIB (2B6) and FcgRIIA (IV.3). When the
S29 Centyrin was engineered onto SF2 antibody, the mAbtyrin
kept the specificity and affinity to FcgRIIB and FcgRIIA
regardless the IgG subtypes or where on the antibody S29 were
engineered.

Regardless the fusion position, S29 did not significantly
affect the mAbtyrins in binding to the OX40 receptors. As a
result, in the presence of protein G beads as the crosslinker, all
the mAbtyrins showed agonism comparable to the correspond-
ing SF2 antibodies in NFkB reporter assays. All the mAbtyrins
constructed on IgG1 Fc, but not on the silent IgG2s Fc, showed
ADCC and ADCP effector functions expected by the nature of
the IgG subtypes, indicating that the presence and positions of
S29 Centyrins did not affect antibody effector functions. These
observations revealed that both the antibody portion and the
Centyrin portion of the mAbtyrin could function indepen-
dently without interfering with each other under our engineer-
ing scheme. This could be attributed by the fact that both the
antibody and the Centyrin intrinsically can fold into highly

stable three-dimensional structures.21,33,34 Moreover, the linker
used to engineer the mAbtyrin, consisting of four repeats of
Gly-Gly-Gly-Gly-Ser, could be long enough to separate these
two parts as independent functional modules.

By the NFkB reporter assay, the mAbtyrins showed agonism
in the presence of Raji cells. The agonism enhancements were
observed on mAbtyrins with the silent IgG2s Fc and similar
enhancement were observed regardless of IgG subtypes, sug-
gesting that the agonism were mediated by the S29 Centyrins
interacting with the Raji cells. Similar agonism enhancements
were observed on SF2 antibodies engineered with S267E/L328F
and V12 mutations, which facilitated the antibody binding to
FcgRIIB.17 Consistently, our binding assays revealed that S29
Centyrin molecules could mediate binding to FcgRIIB compa-
rable to that for Fc engineering mutations directed to FcgRIIB.
In contrast, SF2 antibody fused with Centyrins lacking binding
affinity to FcgRIIB could not mediate agonism in a negative
control NFkB reporter assay. To further demonstrate that the
agonism was mediated by crosslinking with FcgRIIB expressed
on Raji cells, we also performed similar NFkB reporter assays
with pre-blocking of the FcgRIIB receptors with excess 2B6
antibody.32 Although no significant effect was observed for S29
mAbtyrins, likely due to the comparable affinity of S29

Figure 7. Effector functions of SF2 antibodies and mAbtyrins. (A) ADCP activities of SF2 antibodies and mAbtyrins. Increasing concentrations (1 to1000 ng/mL) of SF2 anti-
bodies and mAbtyrins with IgG2s or IgG1 Fc were incubated with GFP positive HEK-Blue: OX40 cells co-cultured with differentiated macrophages and the phagocytosis of
GFP positive target cells were evaluated by flow cytometry assay. The percentages of GFP positive HEK-Blue: OX40 cells eliminated, which reflected the ADCP activities,
were plotted against the concentrations of test agents (Data expressed as mean § SEM, n �4). (B) ADCC activities of SF2 antibodies and mAbtyrins. Increasing concentra-
tions (10 to 1000 ng/mL) of SF2 antibodies and mAbtyrins were incubated with HEK-Blue: OX40 cells co-cultured with effectors cells and the ADCC reporter bioassays
were performed. The folds of activation of ADCC activities were plotted against the concentrations of test agents (Data expressed as mean§ SEM, n D 4). (C) CDC activi-
ties of SF2 antibodies and mAbtyrins. Increasing concentrations (10 to10000 ng/mL) of SF2 antibodies and mAbtyrins were incubated with HEK-Blue: OX40 cells in the
presence of rabbit complement. The CDC activities were quantitated by measuring LDH activity released from the cytosol of lysed HEK-Blue: OX40 cells and expressed as
percent cytotoxicity relative to that lysed by Triton X-100 (Data expressed as mean § SEM, n D 3).
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Centyrin and 2B6 antibody in binding to FcgRIIB, abrogation
of the Raji cell-dependent agonism enhancement were observed
for mAbtyrins constructed with two other Centyrins with lower
potencies relative to 2B6 in binding to FcgRIIB (data not
shown). Therefore, such agonism was mediated by Centyrins
crosslinking to FcgRIIB.

Interestingly, the agonism enhancements in the reporter
assays were observed only on mAbtyrins with S29 attached at
the C-termini of SF2 antibody heavy or light chains, despite the
fact that the mAbtyrins with N-terminal attachment had com-
parable binding to Raji cells and HEK-Blue: OX40 cells. These
observations suggested that the functional activation of the
OX40 receptors in the reporter assay depended on proper
architectures of the mAbtyrins. Although the S29 Centyrins
and SF2 antibodies were capable of binding to their respective
targets individually, there could be physical hindrances for the
mAbtyrins with N-terminal attachment that prevented the
optimal interactions with both OX40 receptors and FcgRIIB
needed for functional activation.

The mAbtyrins demonstrated dose-dependent agonism in T
cell activation assays as well as the NFkB reporter assay. These
mAbtyrins were co-stimulatory since no agonism enhancement
was observed in the absence of suboptimal anti-CD3 antibody
to stimulate T cell receptor-CD3 complex.35 The agonism relied
on crosslinking to immobilized FcgRII receptors by S29 Cen-
tyrin molecules, so similar activities were observed for the
mAbtyrins with either IgG1 or IgG2s Fc. S29 had binding
affinities to either FcgRIIB or FcgRIIA, and thus immobiliza-
tion of either of them could support the agonism. Although
FcgRIIB receptors were demonstrated as the major Fcg recep-
tor,10–12 agonism of anti-TNFR antibodies could be mediated
by the crosslinking to other FcgR, such as FcgRIIA, depending
on FcgR availability in the target environments.36 In this
regard, the binding of S29 to both FcgRIIB and FcgRIIA could
be an advantage, considering that the mAbtyrins may have ago-
nism in a broader circumstance when cells expressing any one
of these receptors could be present. Interestingly, only the
mAbtyrins comprising S29 at the C-termini of heavy chains of
SF2 antibodies showed agonism in the T cell activation assay,
while those with S29 at the C-termini of light chains barely had
activities. This could be explained by the lower affinities of
SF2IgG1_S29_LC-C and SF2IgG2s_S29_LC-C to FcgRII
receptors. Alternatively, in contrast to the reporter assay, co-
stimulating OX40 receptors in the more complex T cell activa-
tion assay might have a more stringent requirement for the
mAbtyrins to be in a specific configuration to function
properly.

Besides agonism, S29 enabled the SF2IgG2s antibody, which
was silent in ADCP, to be potent in phagocytosis activity. How-
ever, S29 did not affect the ADCC or CDC effector functions.
These observations were consistent with S29 binding specificity
to Fcg receptors, with affinity to FcgRIIA mediating ADCP,
but not to FcgRIIIA, which mediated ADCC.25 Interestingly,
all the mAbtyrins with S29 at different positions showed com-
parable ADCP activities, indicating that ADCP activity may be
less dependent on mAbtyrin architecture, in contrast to the
agonism enhancement. Moreover, mAbtyrins with S29 at the
N-termini could be developed to enhance ADCP exclusively
without affecting agonism and other effector functions.

As demonstrated by in vitro assays, the mAbtyrin composed
of S29 Centyrin and the SF2 antibody had enhanced agonism
and ADCP, but the in vivo activity of the mAbtyrin remained
to be explored. The binding property of S29 Centyrin to FcgRII
receptor is analogous to the SELF mutations that also enhanced
antibody binding to both FcgRIIB and FcgRIIA.16 Albeit with
enhanced FcgRII receptor binding, no immune complex-medi-
ated side effects were reported for mice dosed with anti-CD40
antibodies with the SELF mutations,18 implying less safety con-
cerns for likewise engineering approaches. However, the SELF
mutations facilitated much less agonism enhancement and
antitumor immunity for anti-CD40 antibodies in the in vivo
setting than the V11 mutations, which selectively enhanced
FcgRIIB binding, although by in vitro assays both sets of muta-
tions conferred anti-CD40 antibodies with enhanced ago-
nism.18 This suggested that selective FcgRIIB engagement is
needed for the agonistic activity of anti-CD40 mAbs, while the
engagement of FcgRIIA may inhibit such activity. At this time,
however, obtaining Centyrins that bind exclusively to FcgRIIB
is challenging. An alternative approach worth exploring is the
engineering of the Fab domain of the 2B6 antibody, which
binds FcgRIIB specifically,32 as a single-chain variable fragment
on anti-CD40 antibodies to mimic the effects of V11 mutations.
It is worth noting that the in vivo requirement for FcgRII
engagement for anti-CD40 antibody is different from those for
anti-OX40 and anti-GITR antibodies, whose antitumor activi-
ties depend on the engagement of activating Fcg receptors
rather than the inhibitory FcgRIIB receptor.8,9 Both OX40 and
GITR receptors are highly expressed on intratumoral Tregs,
which negatively modulate antitumor immune responses. The
selective elimination of Tregs in an activating FcgR-dependent
manner was proved to be essential for the antitumor activity of
anti-OX40 and anti-GITR antibodies,8,9 although FcgRIIB
dependent activation of effector T cells might also play a role,
especially in lymph nodes.37 In this regard, the dual engage-
ment of both FcgRIIA and FcgRIIB by S29 Centyrin might
offer a distinct advantage to facilitate the antitumor activity of
anti-OX40 and anti-GITR antibodies.

Compared to traditional Fc engineering approaches, the util-
ity of FcgRII-binding Centyrins to engineer SF2 antibody offers
several advantages. A prominent feature of Centyrins is their
specificity in binding and functionality. In this regard, the
mAbtyrin approach provides only the intended functionalities,
which in this case included agonism and ADCP enhancement
due to the specificity of S29 to FcgRII receptors, without affect-
ing other Fc effector functions such as ADCC and CDC. In
contrast, although Fc engineering provided the intended activ-
ity enhancement, these were often accompanied with certain
liabilities. Specifically, the S267E/L328F and V12 Fc mutations
could enhance the agonism of SF2 antibodies due to improved
FcgRIIB engagement, but both engineering approaches affected
ADCC owing to disrupted binding to FcgRIIIA.15-17 On the
other hand, Fc mutations that facilitated antibody multimeriza-
tion could also enhance the agonism of SF2 antibody, but such
multimerized antibodies also had elevation in multiple effector
functions.17,20 Another important feature of Centyrins is that
they are modular in nature. As a small functional module, they
can be engineered onto any antibodies, regardless their IgG
subtypes, to provide the intended functionality in a plug-and-
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play format. Centyrins can also be engineered as bivalent func-
tional modules, which has apparent advantage over a bispecific
antibody that targets FcgRIIB with monovalent activity.38

However, appropriate configurations would need to be evalu-
ated for proper function. In this case, S29 attached at the N-ter-
mini of SF2 antibodies enabled only the ADCP activity, while
those at the C-termini of antibody heavy chains facilitated both
agonism as well as ADCP activities.

In summary, FcgRII-binding Centyrins could be used as a
novel strategy to improve therapeutic antibodies whose activi-
ties depend on the engagements of FcgRII receptors, including
immunostimulatory anti-TNFRSF antibodies such as SF2.
Besides therapeutic activities, other aspects of mAbtyrins,
including the pharmacokinetics, developability, manufactur-
ability and immunogenicity, must be rigorously evaluated.
Nonetheless, use of an alternative scaffold protein to generate
multi-specific biologics should be a valuable addition to the
toolbox for the engineering of therapeutic antibodies.

Materials and methods

Selection of high-affinity Centyrins binding to FcgRIIB
by CIS display panning

A recombinant extracellular domain of FcgRIIB (R&D Sys-
tems, Minneapolis, MN, catalog number 1875-CD) was bioti-
nylated using the SureLINK Biotin Kit (Seracare, Milford, MA)
as the antigen to pan against Centyrin libraries diversified in
distinct strand and loop regions of the FN3 domain.21 The
selection of specific Centyrins was done essentially as previ-
ously described.22 Multiple distinct panning approaches,
including excess non-specific competitors and negative selec-
tions, were executed and the pannings were performed through
five successive rounds using the PCR-amplified positive clones
for subsequent rounds. Individual clones from outputs at
rounds three and five were screened for binding to recombinant
FcgRIIB and FcgRIIA extracellular domains by ELISA as previ-
ously described.22

Positive binders, defined as having 5-fold luminescence sig-
nal above the albumin control signal, were sequenced and
cloned. Their binding affinities to recombinant FcgRIIB and
FcgRIIA were confirmed by ELISA. The aggregation propensi-
ties of the positive binders were assessed by SEC over a TSKgel
G3SW column (Tosoh Bioscience, King of Prussia, PA) with a
flow rate of 1 mL/min using Dulbecco’s phosphate-buffered
saline (DPBS) pH 7.2 buffer and absorbance measurements at
280 nm.

Engineering S29 Centyrin on the SF2 antibody

Plasmids encoding the heavy chain (HC) and light chain (LC)
of a humanized anti-OX40 antibody SF223 were constructed for
the expression of SF2 antibody with either human IgG1 Fc
(SF2IgG1) or IgG2s Fc (SF2IgG2s). Mabtyrin constructs
(Fig. 1A) were made by Genewiz (South Plainfield, NJ) to
attach S29 Centyrin molecules at different positions of SF2
antibodies via four repeats of Gly-Gly-Gly-Gly-Ser as the linker
in order to express the following mAbtyrins described in this
study:

SF2IgG2s_S29_HC-C: SF2IgG2s antibody with S29 attached
at the C-termini of heavy chain;

SF2IgG2s_S29_LC-C: SF2IgG2s antibody with S29 attached
at the C-termini of light chain;

SF2IgG2s_S29_HC-N: SF2IgG2s antibody with S29 attached
at the N-termini of heavy chain;

SF2IgG2s_S29_LC-N: SF2IgG2s antibody with S29 attached
at the N-termini of light chain;

SF2IgG1_S29_HC-C: SF2IgG1 antibody with S29 attached
at the C-termini of heavy chain;

SF2IgG1_S29_LC-C: SF2IgG1 antibody with S29 attached at
the C-termini of light chain;

Expression and Purification of SF2 antibodies
and mAbtyrins

Plasmids encoding the HC and LC of SF2 antibodies and mAb-
tyrins were co-transfected at a 1:3 (HC: LC) molar ratio into
Expi293F cells by Expifectmine293 transfection kit (Thermo
Scientific, San Jose, CA). Cells were spun down five days post
transfection and the supernatant were passed through a 0.2 mm
filter. The titer of antibody and mAbtyrin expressed was quan-
tified using Octet (ForteBio, Menlo Park, CA). Antibody and
mAbtyrin purification were carried out by affinity chromatog-
raphy over MabSelect SuRe column followed by a desalting col-
umn (GE Healthcare Life Sciences, Pittsburgh, PA). Protein
concentration was determined by UV absorbance at 280 nm.
Quality was assessed by SEC as noted earlier and SDS-PAGE
(4-12% gel, Thermo Scientific, San Jose, CA) of reduced and
non-reduced samples.

Flow Cytometry based binding assays

Plasmids expressing human FcgRI (NM_000566), FcgRIIA
(NM_021642), FcgRIIB (NM_004001), and FcgRIIIA
(NM_000569) (Origene Technologies, Rockville, MD) were
transiently transfected into Expi293F cells by Expifectmine293
transfection kit (Thermo Scientific, San Jose, CA). Flow cytom-
etry assays were performed 48 h after transfection. To confirm
the expression of transfected Fcg receptors, their specific anti-
bodies 10.1 for FcgRI (BD Pharmingen, San Jose, CA, catalog
number 555525), IV.3 for FcgRIIA (StemCell Technologies,
Vancouver, Canada, catalog number 60012), 2B6 for FcgRIIB
(in house preparation), and 3G8 for FcgRIIIA (BD Pharmin-
gen, San Jose, CA, catalog number 555403)) were employed as
positive controls in binding assays. Raji cells (ATCC: CCL-86)
and HEK-Blue: OX40 cells17 were also employed to test the
binding of SF2 antibodies and mAbtyrins to FcgRIIB and
OX40 receptors, respectively.

Flow cytometry-based binding assays were described previ-
ously.17 Briefly, 2 £ 105 cells per well were seeded in 96-well
plate and blocked in BSA Stain Buffer (BD Biosciences, San
Jose, CA) for 30 min at 4�C. Cells were stained by test antibod-
ies and mAbtyrins for 1.5 h followed by R-PE labeled anti-
human or anti-mouse IgG secondary antibody (Jackson Immu-
noResearch Laboratories, West Grove, PA catalog number
109–116–097 and 115-116-072, respectively) for 45 min at 4�C.
PE signals of the stained cells were detected by Miltenyi MACS-
Quant flow cytometer (Miltenyi Biotec, Bergisch Gladbach,
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Germany) and the geometric mean fluorescence signals were
determined for at least 10,000 live events collected. FlowJo soft-
ware (Tree Star, Ashland, OR) was used for analysis. Data was
plotted as the logarithm of antibody concentration versus mean
fluorescence signals. Nonlinear regression analysis was per-
formed by GraphPad Prism 6 (GraphPad Software, La Jolla,
CA) and EC50 values were calculated.

Cloning, expression and purification of extracellular
domains of FcgRIIA and FcgRIIB

DNA sequences of extracellular domains of human FcgRIIA
(Uniprot – AAA35827) and FcgRIIB (Uniprot – P31994)
along with native signal peptides and multi-histidine C-ter-
minal tags were synthesized and cloned into mammalian
expression vectors (Genewiz, South Plainfield, NJ).
Expi293F cells were transiently transfected with the plas-
mids using ExpiFectamine 293 transfection kits (Thermo
Scientific, San Jose, CA). Cultures were harvested after 4–
5 days incubation by centrifugation and filtered. Superna-
tants were then loaded onto HisTrap HP columns (GE
Healthcare Life Sciences, Pittsburgh, PA), washed with
20 mM imidazole buffer (pH 7.5) and eluted with 300 mM
imidazole buffer (pH 7.5). Fractions were combined, con-
centrated with Amicon Ultra 3K MWCO centrifugal filtra-
tion devices and purified (buffer exchanged) over a SRT-
10C SEC 300 column (Sepax Technologies, Newark, DE) in
DPBS pH 7.2 buffer. Fractions were combined, checked by
SDS-PAGE, flash frozen in liquid nitrogen and stored in
-80 0C freezer until use.

ELISA based binding assays

100 mL of 1 mg/mL of purified extracellular domains of
FcgRIIA or FcgRIIB in DPBS pH7.2 were coated on Maxisorp
96-well plate overnight. Antibodies and mAbtyrins were added
to the assay well and incubated for 2 h at room temperature
with shaking. After washing the plates four times, the binding
of the antibodies and mAbtyrins to immobilized FcgRIIA or
FcgRIIB were detected by a horseradish peroxidase-conjugated
anti-human IgG(g) secondary antibody (Jackson ImmunoRe-
search Laboratories, West Grove, PA, catalog number 109-036-
097) and quantitated by ELISA using TMB substrate (Biole-
gend, San Diego, CA). Data was plotted as the logarithm of
antibody concentration versus absorbance at 450 nm. Nonlin-
ear regression analysis was performed by GraphPad Prism 6
(GraphPad Software, La Jolla, CA) and EC50 values of binding
were calculated.

HEK-Blue NF-kB reporter assay

The stable HEK-Blue reporter cell line expressing human OX40
(HEK-Blue: OX40) and the HEK-Blue NF-kB reporter assay
used to study the agonistic activity of SF2 antibody were
described previously.17 Briefly, the OX40 ligand or SF2 antibod-
ies and mAbtyrins were applied to 1 £ 105 HEK-Blue: OX40
cells re-suspended in 200 ml culture media in each well of the
96-well assay plate. To test the crosslinking effect, either 1 mL
of protein G magnetic beads (Thermo Scientific, San Jose, CA)

or 1 £ 105 Raji cell was added in the same assay well. After
incubation at 37�C overnight, the agonistic activities of the
molecules were evaluated by the quantification of the induced
secreted alkaline phosphatase reporter gene expression using
Quanti-Blue detection kit (Invivogen, San Diego, CA). The ago-
nistic activities of SF2 antibodies and mAbtyrins were normal-
ized as percent activity relative to that induced by 1 mg/mL
OX40 ligand.

T cell activation assay

Human CD4-positive T cells were isolated from PBMCs by a
CD4C T cell negative selection kit (StemCell Technologies,
Vancouver, Canada). OX40 expression was induced by cultur-
ing the isolated T cells in the presence of 1 mg/mL phytohe-
magglutinin (Sigma-Aldrich, St. Louis, MO) overnight. One
day before the assay, 100 mL of 30 ng/mL anti-human CD3
OKT3 antibody35 and 1 mg/mL of purified extracellular
domains of FcgRIIB or FcgRIIA in DPBS were coated in U-
bottomed 96-well tissue culture plates. On the assay day, the
coating solution in the plate was aspirated and 150 mL RPMI
media was added to block the plate for 30 min. The cultured
T cells were washed three times by RPMI culture media and
between 25,000 to 50,000 CD4-positive T cells were seeded in
each well in the assay plate. Testing antibodies or mAbtyrins
were added to the cells and the plates were incubated for
3 days at 37�C. The increased IFNg and TNFa levels in the
cell culture media, which reflects T cell activation, were quan-
titated by human IFNg and TNFa ELISA detection kits,
respectively (Biolegend, San Diego, CA).

ADCC assay

The ADCC activities of SF2 antibodies and mAbtyrins were
evaluated by an ADCC reporter bioassay (Promega, Madison,
WI) as described previously.17 Briefly, 25,000 HEK-Blue: OX40
cells per well plated in 96-well plate overnight were mixed with
the engineered effector cells in which the activation of
FcgRIIIA receptor lead to the expression of a luciferase
reporter. SF2 antibodies and mAbtyrins were added to the cells
and incubated at 37�C for 6 h. Then, Bio-Glo luciferase reagent
was added and the luciferase signals were quantitated by Envi-
sion (PerkinElmer, Akron, OH). The ADCC activities of SF2
antibodies and mAbtyrins were expressed as fold of activation
of luciferase signals over that without testing antibody added.

ADCP assay

The ADCP assay for SF2 antibodies was described previously.17

Briefly, differentiated macrophages were mixed with GFP-
expressing HEK-Blue: OX40 cells (8: 1 ratio) in 96-well U-bot-
tom plates. The test antibodies and mAbtyrins were added and
the phagocytosis of target cells was carried out for 24 hours.
The macrophages were stained with anti-CD11b and anti-
CD14 antibodies (BD Biosciences, San Jose, CA, catalog num-
ber 555385 and 555395, respectively) coupled to Alexa Fluor
647 (Thermo Scientific, San Jose, CA). GFP-positive HEK-
Blue: OX40 target cells and Alexa647 positive macrophages
were identified by flow cytometry using Miltenyi MACSQuant
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flow cytometer (Miltenyi Biotec, Bergisch Gladbach, Germany).
Significant numbers of GFPC, CD11bC, CD14C cells were
observed during the 24-hour incubation time, indicating the
phagocytosis of GFP-positive HEK-Blue: OX40 target cell by
macrophages. The data were analyzed using FlowJo software
(Tree Star, Ashland, OR) and ADCP-mediated cell killing was
determined by measuring the reduction in GFP fluorescence
using the following equation: Percentage of target cells killed D
((Percentage of GFPC, CD11b¡, CD14¡ cells with the lowest
concentration of antibody) ¡ (Percentage of GFPC, CD11b¡,
CD14¡ cells with the test concentration of antibody))/(Percent-
age of GFPC, CD11b¡, CD14¡ cells with the lowest concentra-
tion of antibody) £ 100.

CDC assay

The CDC activities of SF2 antibodies and mAbtyrins were eval-
uated by a complement-mediated cell killing assay. Briefly, 1 £
105 HEK-Blue: OX40 cells were incubated with 6.7% (v/v) rab-
bit complement (Cedar Lane Labs, Burlington, Canada, catalog
number CL3010) and testing antibodies and mAbtyrins for one
hour. The lactate dehydrogenase activity released from the
cytosol of lysed HEK-Blue: OX40 cells into the supernatant
were measured by a Cytotoxicity Detection Kit (Roche Diag-
nostics, Indianapolis, IN). The complement-mediated cytotox-
icity was expressed as percent cytotoxicity relative to that lysed
by 0.67% (v/v) Triton X-100.

Abbreviations

ADCC antibody-dependent cell-meditated cytotoxicity
ADCP antibody-dependent cellular phagocytosis
BSA bovine serum albumin
CDC complement-dependent cytotoxicity
ELISA enzyme-linked immunosorbent assay
DPBS Dulbecco’s phosphate-buffered saline
FcgRII Fc gamma RII receptor
HC heavy chain
LC light chain
PBMC peripheral blood mononuclear cell
R-PE R-phycoerythrin
SEC size-exclusion chromatography
TCA T-cell activation assay
TMB tetramethylbenzidine
TNF tumor necrosis factor
TNFR tumor necrosis factor receptor
TNFRSF tumor necrosis factor receptor superfamily
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