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ABSTRACT
Immunostimulatory receptors belonging to the tumor necrosis factor receptor (TNFR) superfamily are
emerging as promising targets for cancer immunotherapies. To optimize the agonism of therapeutic
antibodies to these receptors, Fc engineering of antibodies was applied to facilitate the clustering of cell
surface TNFRs to activate downstream signaling pathways. One engineering strategy is to identify Fc
mutations that facilitate antibody multimerization on the cell surface directly. From the analyses of the
crystal packing of IgG1 structures, we identified a novel set of Fc mutations, T437R and K248E, that
facilitated antibody multimerization upon binding to antigens on cell surface. In a NF-kB reporter assay,
the engineered T437R/K248E mutations could facilitate enhanced agonism of an anti-OX40 antibody
without the dependence on FcgRIIB crosslinking. Nonetheless, the presence of cells expressing FcgRIIB
could facilitate a boost of the agonism of the engineered antibody with mutations on IgG1 Fc, but not on
the silent IgG2s Fc. The Fc engineered antibody also showed enhanced effector functions, including
antibody-dependent cell-meditated cytotoxicity, antibody-dependent cellular phagocytosis, and
complement-dependent cytotoxicity, depending on the IgG subtypes. Also, the engineered antibodies
showed normal FcRn binding and pharmacokinetic profiles in mice. In summary, this study elucidated a
novel Fc engineering approach to promote antibody multimerization on a cell surface, which could
enhance agonism and improve effector function for anti-TNFR antibodies as well as other therapeutic
antibodies.

Abbreviations: ADCC, antibody-dependent cell-meditated cytotoxicity; ADCP, antibody-dependent cellular phago-
cytosis; BRET, bioluminescence resonance energy transfer; CDC, complement-dependent cytotoxicity; CTLA-4, cyto-
toxic T lymphocyte antigen 4; GITR, glucocorticoid-induced TNFR-related protein; LDH, lactate dehydrogenase; MSD,
Meso Scale Discovery; PD-1, programmed cell death 1; PPI, protein-protein interaction; R-PE, R-phycoerythrin; SEC,
size-exclusion chromatography; TBST, Tris buffered saline with Tween20; TNF, tumor necrosis factor; TNFR, tumor
necrosis factor receptor
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Introduction

Therapeutic antibodies targeting the immune checkpoint
receptors can stimulate antitumor immunity and have emerged
as promising cancer therapeutics in recent years.1,2 Blocking
antibodies for inhibitory receptors, such as CTLA-4 and PD-1,
have been approved as single agent therapies for several types
of tumors, including advanced melanoma and lung cancer. In
addition, agonist antibodies directed against the immunostimu-
latory receptors are under extensive investigation as alternative
approaches for cancer immunotherapies.3

The anti-tumor activities of antibodies to immunostimulatory
receptors depend on their agonistic activities to promote the acti-
vation of critical players of immune modulation, such as effector
T cells and antigen-presenting cells.4-6 Many immunostimulatory
receptors, including OX40, CD27, 4–1BB and GITR on T cells
and CD40 on antigen-presenting cells, belong to the tumor

necrosis factor receptor (TNFR) superfamily. Recent studies
demonstrated that the concomitant engagement to the inhibitory
FcgRIIB receptor can be critical for the activity of agonistic anti-
bodies to these TNFR targets.7-12 The crosslinking of IgG Fc to
FcgRIIB receptors can multimerize more than one antibody mol-
ecule that in turn can facilitate the clustering of enough TNFR
molecules to activate downstream signaling pathways. On the
other hand, several TNFRs, such as OX40 and GITR, have
elevated expression on regulatory T cells (Treg), which negatively
modulate tumor immunity. 13,14 In this case, the effector func-
tions of the anti-OX40 and anti-GITR antibodies may facilitate
the selective elimination of regulatory T cells in the tumor micro-
environment.13,14 Such antibody-mediated cell killing depends on
the interactions of the antibodies with various activating Fcg
receptors. Clearly, immunomodulatory antibodies engage differ-
ent types of Fc receptors for their agonistic activities and effector
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functions. However, except for FcgRI, human IgG antibodies
have poor binding affinities to most human Fc receptors. Thus,
Fc engineering approaches are needed to optimize the antitumor
activity of agonist antibodies to immunostimulatory TNFRs.

In this regard, we recently evaluated several Fc engineering
approaches to optimize the agonism of an anti-OX40 antibody,
SF2.12,15 The agonism of the SF2 antibody was quantitated by an
OX40-driven HEK-Blue NF-kB reporter assay, which is based on
themajormechanism of action of OX40 receptor activation.16 Sim-
ilar surrogate assays were adopted to assess the agonism of thera-
peutic antibodies to other TNFRs with good correlation to
peripheral blood mononuclear cell-based functional assays.17,18

The soluble SF2 antibody with native IgG1 Fc barely had agonistic
activity in this assay while the immobilized antibody did,12 con-
firming that crosslinking is needed for the agonism. To facilitate
FcgRIIB crosslinking, SF2 antibodies were engineered with Fc
mutations that were reported to enhance antibody binding to
FcgRIIB, such as the S267E/L328F mutations and a set of 6 muta-
tions collectively known as V12 mutations.19,20 Both engineered
SF2 antibodies showed enhanced agonism dependent on FcgRIIB
engagement. However, such engineering approaches depend
heavily on the Fcg receptor expression in the local microenviron-
ment, and the efficacy of such an antibody may be limited to the
anatomic site of action. Besides, both engineering approaches affect
the IgG1 antibody binding to FcgRIIIA, and the engineered SF2
antibodies abrogate antibody-dependent cell-mediated cytotoxicity
(ADCC) activities.12 On the other hand, SF2 antibodies were also
engineered with mutations that can facilitate the formation of an
IgG antibody hexamer upon binding targets on the cell surface.21

Such an engineered SF2 antibody showed increased agonism with-
out the dependence on FcgRIIB crosslinking since the binding of
multimerized antibodies could cluster enough OX40 receptors for
activation.12 Nonetheless, the engineered SF2 antibody with IgG1
Fc showed an FcgRIIB-dependent boost of the agonism and
enhanced effector functions such as ADCC and complement-
dependent cytotoxicity (CDC), likely due to the increased interac-
tions of multimerized antibodies with distinct Fc receptors.12

In this study, we expand the Fc engineering tool box by the
identification and structural characterization of a novel set of Fc
mutations that can facilitate antibody multimerization upon
binding target antigens on cell surfaces. SF2 antibody with such
engineered mutations showed enhanced agonism and effector
functions that depended on antibody multimerization driven by
the mutations. This study offers another Fc engineering approach
for antibody optimization to improve therapeutic activities.

Results

Design of mutations that promote IgG multimerization

Diebolder et al.21 reported that a hexameric arrangement of
IgG molecules similar to that observed in the crystal packing
of anti-gp120 IgG1 molecules (Protein Data Bank (PDB) id
1HZH22) well described cryo-electron tomography density
maps generated from IgG-C1 complexes. Among the set of
mutations identified that facilitate a similar hexameric associ-
ation of IgG molecules in solution,21 we found that the
E345R mutation may enhance the agonism of SF2 antibody
by facilitating the clustering of OX40 receptors.12 In an effort

to identify additional mutations of human IgG that might
enhance the agonistic activity by facilitating antibody multi-
merization, we further interrogated the crystal packing of
IgG molecules in the crystal structure 1HZH. The majority of
contacts stabilizing the closed-ring arrangement of molecules
were found to exist between CH3 domains of neighboring Fc
molecules. It also was noted that such an arrangement of Fc
molecules would be restrictive of the conformations accessi-
ble to the CH2 domain. Indeed, when a prototypical crystal
structure of an IgG1 Fc (PDBid 3AVE23) was aligned to the
CH3 domains present in the closed-ring arrangement, a clash
of CH2 domains associated with neighboring Fcs resulted.
We hypothesized that a perturbation of contacts thought to
stabilize the CH2:CH3 interface would facilitate the adoption
of a CH2 conformation allowed within the context of the
closed ring association of Fc molecules. Thus, by using the
programs Coot24 and PyMol,25 the crystal packing was
inspected to identify mutations that might facilitate multime-
rization either by enhancing the association of CH3 dimers
or by destabilizing the intramolecular CH2:CH3 interface. To
assess whether mutations predicted to promote antibody
multimerization can facilitate enhanced agonism, these muta-
tions were engineered into SF2 antibody. The agonism of the
engineered antibodies were screened by the OX40-driven
HEK-Blue NF-kB reporter assay that demonstrated that the
E345R mutation facilitated higher agonism of SF2 by pro-
moting antibody multimerization.12

T437R and K248E double mutations facilitate SF2 antibody
with enhanced agonism

One mutation predicted to facilitate the association of CH3
dimers was the mutation of T437 to arginine. In silico modeling
demonstrated that T437R would be sterically allowed at the
inter-CH3 dimer interface and could potentially engage E382 on
a neighboring Fc in a salt bridge interaction (Supplemental
Fig. 1). K248E was identified as a mutation that might facilitate
multimerization by destabilizing the intramolecular CH2:CH3
interface. This mutation would prevent formation of a com-
monly observed salt bridge interaction thought to stabilize the
IgG CH2:CH3 interface.26 In the reporter assay, the T437R
mutation facilitated SF2 with higher reporter gene expression in
a dose-dependent manner, in contrast to SF2 with a native
IgG1 Fc (SF2IgG1), which had little agonistic activity (Fig. 1A).
Furthermore, when this mutation was combined with K248E
mutation, which itself barely led to agonism enhancement, a
synergistic effect was observed and the double-mutated SF2
(SF2IgG1_RE) showed much higher agonism across testing con-
centrations, with over 30% efficacy compared with OX40 ligand
at 1000 ng/mL (Fig. 1A). In the same assay, the SF2IgG1 anti-
body engineered with the E345R mutation showed 66% activity
relative to OX40 ligand at 1000 ng/mL. To exclude the possibil-
ity that the enhanced agonism was due to the increased affinity
of the engineered antibody to OX40 receptors, the binding of
both SF2IgG1 and SF2IgG1_RE to OX40 receptors expressed on
HEK-Blue:OX40 cells were assessed by flow cytometry. Both
antibodies showed comparable binding affinities to OX40 recep-
tors and the insignificant difference in their binding could not
account for the difference in their agonism (Fig. 1B).
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Both T437 and K248 are conserved residues among the IgG
subtypes. T437R and K248E mutations were also engineered
into an SF2 variant with an IgG2s silent Fc (SF2IgG2s_RE).27

HEK-Blue NF-kB reporter assay revealed that while SF2IgG2s
had little agonistic activity, the SF2IgG2s_RE variant showed
agonism in a dose-dependent manner, with about 25% efficacy
compared with OX40 ligand at 1000 ng/mL (Fig. 1C). The
SF2IgG2s_E345R antibody showed 45% activity relative to
OX40 ligand at 1000 ng/mL.

To assess whether T437R and K248E mutations can facilitate
agonism enhancement to other agonistic antibodies, these

mutations were engineered on another anti-OX40 IgG1 antibody
(O2IgG1) recognizing an OX40 epitope distinct from that of
SF2. These mutations were also engineered on agonistic IgG1
antibodies against 2 other TNFR targets, target A (AIgG1) and
target B (BIgG1). Similar HEK-Blue NF-kB reporter assays were
established to assess the agonistic activities of engineered anti-
bodies to TNFR target A and B. In all cases, while the antibodies
with a native IgG1 Fc (O2IgG1, AIgG1, BIgG1) had little agonis-
tic activity, the antibodies with the T437R and K248E mutations
(O2IgG1_RE, AIgG1_RE, BIgG1_RE) had much higher levels of
dose-dependent agonism (Supplemental Fig. 2), similar to those

Figure 1. Agonistic activities of SF2 antibodies by the HEK-Blue NF-kB reporter assay. (A) Increasing concentrations (10 ng/mL to 1000 ng/mL) of SF2IgG1, SF2IgG1_R,
SF2IgG1_RE and SF2IgG1_E345R antibodies were applied to HEK-Blue: OX40 cells, and agonistic activities of the antibodies were assessed by the HEK-Blue NF-kB reporter
assay. The agonistic activities of SF2 antibodies, normalized as percent activity relative to that driven by 1 mg/mL OX40 ligand, were plotted against the concentrations of
test antibodies (Data expressed as mean § SEM, n � 8). (B) Increasing concentrations (1 ng/mL to 10000 ng/mL) of SF2IgG1 and SF2IgG1_RE antibodies were assessed
for binding to OX40 receptors expressed on HEK-Blue: OX40 cells by flow cytometry assays. Mean fluorescence signals were plotted against the concentrations of test anti-
bodies (Data expressed as mean § SEM, n D 2). (C) Similar HEK-Blue NF-kB reporter assays were set up to study the agonistic activities of SF2IgG2s, SF2IgG2s_RE and
SF2IgG2s_E345R antibodies (Data expressed as mean § SEM, n � 2).

Figure 2. Assessment of monodispersity and multimerization of SF2IgG1 and SF2IgG1_RE. (A) SEC profiles of SF2IgG1 and SF2IgG1_RE antibodies in solution. The y axes
are absorbance values at 280 nm. The x axes are retention times in minutes. (B) NanoBRET PPI assay for SF2IgG1 and SF2IgG1_RE. Increasing concentrations (from
10 ng/mL to 1000 ng/mL) of both Nanoluc donor antibody and Halotag receptor antibody were applied to HEK-Blue: OX40 cells and NanoBRET PPI assays were con-
ducted. Mean Corrected BRET ratio were plotted against the concentrations of test antibodies (Data expressed as mean § SEM, n � 2).
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antibodies with the E345R mutation (O2IgG1_E345R, AIg-
G1_E345R, BIgG1_E345R).

Multimerization of antibodies with T437R and K248E
mutations upon antigen binding at the cell surface

Size-exclusion chromatography (SEC) analysis revealed that,
like SF2IgG1, the SF2IgG1_RE was a monomer in solution
(Fig. 2A). The multimeric model predicted that the T437R
and K248E mutations facilitated the engineered antibody
multimerization upon binding to cell surface antigens. To
demonstrate this, we conducted a NanoBRET protein-pro-
tein interaction (PPI) assay, which was a proximity-based
assay that can detect protein-protein interactions by mea-
suring energy transfer from a bioluminescent protein donor
to a fluorescent protein acceptor. For this assay, both
SF2IgG1 and SF2IgG1_RE were engineered to have either
the Nanoluc or the Halotag attached at the C-termini of the
light chains to serve as the donor and acceptor antibodies,
respectively. The tagged antibodies were monomers in solu-
tion and showed comparable functional activities to the cor-
responding un-tagged antibodies in a HEK-Blue NF-kB
reporter assay (data not shown). NanoBRET PPI assays
were performed by applying the donor and acceptor anti-
bodies to HEK-Blue:OX40 cells, and the Corrected Nano-
BRET ratios were calculated to reflect the degree of
association of multimerized antibody. While the SF2IgG1
antibody just had the background Corrected NanoBRET
ratio, SF2IgG1_RE showed much higher Corrected Nano-
BRET ratios across the concentrations ranging from 10 to
1000 ng/mL (Fig. 2B), indicating a higher degree of anti-
body association driven by the mutations upon binding the
antigens on the cell surface.

Similar NanoBRET PPI assays were performed to assess
whether T437R and K248E mutations could facilitate multime-
rization of antibodies against TNFR target A upon binding tar-
get A on the cell surface. While the AIgG1 antibody just had
the background Corrected NanoBRET ratio, AIgG1_RE

showed much higher levels of dose-dependent Corrected Nano-
BRET ratios (Supplemental Fig. 3), similar to AIgG1_E345R.

FcgRIIB crosslinking further boost the agonism of SF2
antibody with T437R/K248E mutations depending on
IgG subtype

Although T437R/K248E mutations can facilitate the agonism of
SF2 with either IgG1 or IgG2s Fc independent of FcgRIIB cross-
linking, the effect of FcgRIIB crosslinking was nonetheless studied
by HEK-Blue NF-kB reporter assay in which the engineered anti-
bodies were applied to HEK-Blue:OX40 cells co-cultured with
Raji cells. Such an assay system was used previously demonstrat-
ing the boost of agonism of SF2 antibody with E345R hexameri-
zation mutation in a FcgRIIB crosslinking-dependent fashion.12

Similarly, it was observed that the presence of Raji cells could fur-
ther boost the agonism of SF2IgG1_RE, with over 3-fold increases
in activity across test concentrations compared with the case
without Raji cell co-culturing (Fig. 3A). When FcgRIIB-specific
2B6 antibody28 was added to pre-block FcgRIIB receptors on Raji
cells, the Raji cell-mediated boost of agonism for SF2IgG1_RE
was abrogated nearly completely, with agonistic activity reduced
to a level similar to the case without Raji cell co-culturing, imply-
ing that the boost of agonism was driven by FcgRIIB crosslinking.

Similar assays were set up to evaluate FcgRIIB crosslinking on
the agonism of SF2IgG2s_RE. The presence of Raji cells failed to
boost the agonistic activity of SF2IgG2s_RE antibody (Fig. 3B).
This indicated that, similar to the case of the E345R hexameriza-
tion mutation,12 Raji cell-mediated boost of agonism for SF2
with T437R/K248E mutations depended on the IgG subtype,
with an effect on IgG1 Fc but no effect on the silent IgG2s Fc.

Fc effector functions for SF2 antibodies with T437R/K248E
mutations

The ADCC activities of the SF2IgG1_RE and SF2IgG2s_RE
were studied by the FcgRIIIA-mediated ADCC reporter bioas-
say. SF2IgG1 showed ADCC activity, driving the reporter gene

Figure 3. The effects of FcgRIIB crosslinking on the agonistic activities of engineered SF2 antibodies by HEK-Blue NF-kB reporter assay. (A) Increasing concentrations
(10 ng/mL to 1000 ng/mL) of SF2IgG1_RE were incubated with HEK-Blue: OX40 cells with or without co-culturing with Raji cells. Another set of assays were set up in
which Raji cells were pre-incubated with 5 mg/mL 2B6 antibody before co-culturing with HEK-Blue: OX40 cells to test the effect of blocking FcgRIIB-mediated crosslinking.
Agonistic activities of the antibodies were assessed by the HEK-Blue NF-kB reporter assay. Agonistic activities of SF2 antibodies, normalized as percent activity relative to
that driven by 1 mg/mL OX40 ligand, were plotted vs. the concentrations of test antibodies (Data expressed as mean § SEM, n D 2). (B) Similar assays were set up to
study the effects of co-culturing with Raji cells on the agonistic activities of SF2IgG2s_RE (Data expressed as mean § SEM, n D 4).
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expression dose dependently with an EC50 value of 155 ng/mL
(Fig. 4A). The T437R/K248E mutations could enhance
SF2IgG1 with even more potent ADCC activity with an EC50

value of 81 ng/mL. In contrast, SF2IgG2s did not have ADCC
activity in this assay due to the silent nature of this Fc, while
SF2IgG2s_RE maintained Fc silencing in the ADCC activity.

The antibody-dependent cellular phagocytosis (ADCP) activi-
ties of the SF2IgG1_RE and SF2IgG2s_RE were studied by the
phagocytosis of green fluorescent protein (GFP)-expressing
HEK-Blue:OX40 cells using differentiated macrophages. SF2IgG1
could dose-dependently mediate efficient killing of HEK-Blue:
OX40 target cells by the macrophages, while the T437R/K248E
mutations marginally enhanced the potency of ADCP activity of
SF2IgG1 with an EC50 value of 7.2 ng/mL (Fig. 4B). Although
the antibodies with the silent IgG2s Fc barely showed ADCP

activity, the ADCP activity for SF2IgG2s_RE was elevated at
higher concentrations relative to that observed for SF2IgG2s.

The CDC activities of the engineered SF2 antibodies were
studied by a complement-mediated cell killing assay. While
SF2IgG1 did not mediate significant CDC activity toward
HEK-Blue:OX40 target cells, SF2IgG1_RE showed a dose-
dependent elevation of CDC activity with an EC50 value of 229
ng/mL (Fig. 4C). In contrast, SF2IgG2s did not have CDC
activity in this assay, and mutations in SF2IgG2s_RE did not
change its silencing in CDC activity.

In vitro binding to FcRn for the engineered SF2 antibodies

Since the T437R and K248E mutations are both located close to
the known binding sites to FcRn,29,30 possible interference from

Figure 4. Effector functions of engineered SF2 antibodies. (A) ADCC activities of SF2 antibodies. Increasing concentrations (10 ng/mL to 1000 ng/mL) of SF2IgG1, SF2Ig-
G1_RE, SF2IgG2s and SF2IgG2s_RE were incubated with HEK-Blue: OX40 cells co-cultured with effectors cells and the ADCC reporter bioassays were performed. Fold-
activation of ADCC activities were plotted against the concentrations of test antibodies (Data expressed as mean § SEM, n � 3). (B) ADCP activities of SF2 antibodies.
Increasing concentrations (1 ng/mL to1000 ng/mL) of SF2IgG1, SF2IgG1_RE, SF2IgG2s and SF2IgG2s_RE were incubated with GFP positive HEK-Blue: OX40 cells co-cul-
tured with differentiated macrophages and the phagocytosis of GFP positive HEK-Blue: OX40 target cells were evaluated by flow cytometry assay. The percentages of
GFP positive cells eliminated, which reflected the ADCP activities, were plotted vs. concentrations of test antibodies (Data expressed as mean § SEM, n D 4). (C) CDC
activities of SF2 antibodies. Increasing concentrations (10 ng/mL to10000 ng/mL) of SF2IgG1, SF2IgG1_RE, SF2IgG2s and SF2IgG2s_RE were incubated with HEK-Blue:
OX40 cells in the presence of rabbit complement. CDC activities were quantitated by measuring lactate dehydrogenase (LDH) activity released from the cytosol of lysed
HEK-Blue: OX40 cells, and expressed as percent cytotoxicity relative to that of cells lysed by Triton X-100 (Data expressed as mean § SEM, n � 6).

Figure 5. FcRn binding and pharmacokinetic analysis of engineered SF2 antibodies. (A) Competitive binding of SF2 antibodies to human FcRn at pH 6.0. Serially-diluted test
antibodies were co-incubated at pH 6.0 with a constant concentration of biotinylated human IgG1 (biot-huIgG1) on a plate coated with human FcRn extracellular domain.
Remaining bound biot-huIgG1 was detected with streptavidin-HRP developed with TMB substrate and read at 450 nm. (Data expressed as mean OD450 § SEM, n D 2). (B)
Pharmacokinetic analysis of SF2 antibodies in Tg32 SCID mice. Test antibodies were administered at an intravenous dose of 2 mg/kg, and serial retro-orbital bleeds were taken
from each animal at indicated time points. PK profiles of each Ab were displayed as a semi-log plot serum concentration vs time. (Data expressed as mean § SEM, n D 5).
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these mutations with the proper interaction of our variant anti-
bodies with FcRn were evaluated using an in vitro competitive
binding assay. Figure 5A depicts the relative binding affinities
of engineered SF2 antibodies to a recombinant human FcRn
extracellular domain at pH 6.0. Both SF2IgG1_RE and
SF2IgG1_R exhibited apparent similar binding affinities rela-
tive to SF2IgG1. In a binding and release assay, both SF2Ig-
G1_RE and SF2IgG1_R released from FcRn binding at similar
levels relative to SF2IgG1 when the pHs of the buffers were
raised from 6.0 to 6.6, 7.0 or 7.4 (Supplemental Fig. 4). These
data suggested little to no apparent effect on FcRn binding of
the engineered arginine mutation at position 437, in contrast to
an arginine at residue 435 of IgG3 antibody that impaired its
FcRn binding and half-life relative to other human IgGs.31 This
result, in the absence of other potential pharmacokinetics
(PK)-impacting influences, predicted that the T437R and
K248E mutations would not have a significant effect on serum
half-life.

A pharmacokinetic (PK) study of the engineered SF2
antibodies in FcRn transgenic mice

A PK study was performed to evaluate the SF2 antibodies con-
taining novel Fc engineered mutations in FcRn transgenic
severe combined immunodeficient (SCID) mice, which are
deficient in functional B and T lymphocytes, and hence have
minimal immune responses to test antibodies. FcRn transgenic
mouse models are used routinely for early assessment and pre-
diction of human PK of therapeutic antibodies.32-35 Tg32
homozygous SCID mice (5 mice/group) were injected intrave-
nously with a 2 mg/kg dose of antibodies. Serial retro-orbital
bleeds from each animal were obtained at 1 h, and 1, 3, 7, 14
and 21 d after injection. Sera were prepared and the amounts
of human IgG were determined by an electrochemiluminescent
immunoassay. Mean serum concentrations for each antibody
were shown in Fig. 5B. For all samples, there was a linear
decline of serum concentration over the course of 21 d and no
significant differences (p <0.05) were observed among the test
groups. Half-life values, t1/2, were determined to be:
SF2IgG1_R, t1/2 D 9.5 § 0.7 d; SF2IgG1_RE, t1/2 D 8.3 § 0.5 d;
SF2IgG1, t1/2 D 9.2 § 0.6 d. These data revealed comparable
PK profiles of the engineered antibodies to that with native
IgG1 Fc.

Structure of IgG1 Fc with T437R/K248E mutations

The crystal structure of the hIgG1 Fc with T437R/K248E
mutations was determined to a resolution of 3.1 A

�
. The Fc

crystallized in space group P61 (Table 1) with one Fc dimer
present in the asymmetric unit. For the 2 Fc chains: chain A
was modeled from G237 to L443 and chain B was modeled
from V240 to V323 and from I332 to L443. However, poor
or absent electron density precluded the building of residues
324 to 331 of the FG loop of chain B. An N297-linked G0F
glycan was modeled for the A chain; however, weak electron
density did not allow modeling of an N-acetylglucosamine
residue in the a(1–3) arm of the chain B glycan. The average
B factors over protein atoms of the CH2 domains of chains
A and B were 94 A

� 2 and 113 A
� 2, respectively. Generally, a

poorer quality of the electron density, particularly for the
BC, DE, and FG loops, and elevated temperature factors
indicated an enhanced disorder within the crystal lattice for
the CH2 domain of chain B relative to that of chain A.

Within the lattice, Fc molecules are arranged in a corkscrew
fashion with the CH3 domains of neighboring molecules juxta-
posed and the dimer pseudo-2-fold directed toward the crystal-
lographic 6-fold screw axis (Fig. 6A). The helical pitch defined
by the length of the unit cell c-axis was 73.6 A

�
, a distance allow-

ing for adjacent spirals to interdigitate. The relationship of jux-
taposed CH3 dimers in the crystal structure differed from that
in the hexameric model derived from crystal structure 1HZH
by only a slight rotation of 7� about a dihedral angle defined by
the Ca atoms of residues 424 and 426 within strand F on
opposing chains and a translation of 3 A

�
(Supplemental Fig. 5).

Omitting contributions from the CH2 domain, an average of
487 A

� 2 of accessible surface area per chain was buried at the
interface of adjacent Fc dimers within the spiral, approximately
half the surface area buried per chain at the intra-Fc CH3 dimer
interface (1,047 A

� 2). When the CH2 contribution was consid-
ered, the average per chain surface area buried between adja-
cent Fcs within the spiral was 767 A

� 2. The CH2 domains
within the Fc were found to be closed in about the pseudo-2-
fold axis through the CH3 dimer (Fig. 6B), resulting in an
extensive interaction and hydrogen bonding between glycans
on opposing chains including contacts between the bifurcated

Table 1. Crystal and X-ray data and refinement statistics.

Crystal data

Space group P61
Unit cell parameters

a, b, c (A
�
) 115.0, 115.0, 73.6

a, b, g (�) 90.0, 90.0, 120.0
Asymmetric unit content 1 dimer
Vm (A3/Da) 2.80
Solvent content (%) 56

X-ray data
Resolution (A

�
) 50–3.10 (3.18–3.10)*

Number of reflections
Measured 102,289 (7,718)
Unique 10,183 (724)

Completeness (%) 99.9 (100.0)
Redundancy 10.0 (10.7)
Rmerge 0.068 (0.782)
<I/s> 24.46 (3.21)
CC1/2 0.999 (0.907)

Refinement statistics
Resolution (A

�
) 34.51–3.10

Number of reflections 10,163
Rwork / Rfree (%) 22.9 / 28.5
Number atoms 3,206

Protein 3,022
Carbohydrate 184

Mean B-factor (A
� 2) 92.7

Protein 90.0
Carbohydrate 137.3

RMSD
Bond lengths (A

�
) 0.002

Bond angles (�) 0.404
Ramachandran

Favored (%) 98.5
Allowed (%) 1.5
Outliers (%) 0.0

�Values for the high resolution shell are shown in parentheses
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mannose residues, as well as close association of the fucose resi-
due in the chain B glycan with the mannose and N-acetylglu-
cosamine residues in the a(1–3) arm of the glycan on chain A
(Fig. 6C).

The K248E side chain was found to fold back toward its own
backbone nitrogen in both Fc chains (Fig. 7A). The E380 side
chain, which typically forms a salt bridge interaction with K248
in structures of the wild-type molecule, was directed toward the
FG loop of a neighboring Fc dimer making salt bridge and
hydrogen bond interactions with H433 and N434, respectively.
As the interface is not perfectly symmetric, the latter hydrogen
bond was not observed for E380 in chain B (Fig. 7A). A hydro-
gen bond additionally observed between the side chains of
N434 in chain A and S254 in chain B represents the only other
specific interaction between neighboring Fcs within the spiral.
With respect to the T437R mutation, slightly different confor-
mations were observed in the 2 chains present in the asymmet-
ric unit (Fig. 7B). For the more poorly ordered instance in
chain A, T437R packs against G385 in a neighboring Fc mole-
cule and additionally engages in an intrachain salt bridge inter-
action with E345. In chain B, the T437R guanidinium group
packs against the peptide bond between N384 and G385.

Discussion

Receptor multimerization is a prerequisite for the activation of
immunostimulatory TNFRs, which play pivotal roles in anti-
tumor immunity.36 This unique property obligates agonistic
therapeutic antibodies against TNFRs to multimerize at the cell

surface to promote the clustering of bound receptors. Through
structure analysis, we identified T437R/K248E as a novel pair
of Fc mutations that facilitated antibody multimerization upon
binding antigens at the cell surface. Such mutations could facili-
tate increased agonism of an anti-OX40 antibody without the
dependence on crosslinking to FcgRIIB. In addition, the multi-
merized antibody may have increased binding affinities to dif-
ferent types of Fc receptors that lead to the further boost of
agonism and elevated effector functions.

The design of the T437R/K248E mutations was based on
interrogation of crystal structures of hexamerically associated
Fcs and intact monoclonal antibodies. Davies et al. noted that a
CH3-based overlay of many Fc structures deposited in the PDB
onto the closed, hexameric arrangement of deglycosylated IgG4
Fc observed in crystal structure 4D2N resulted in a clash of
CH2 domains.37 This is true for both chains A and B of 3AVE
(hIgG1),23 4HAF (hIgG2),26 4C54 (hIgG4),38 and 4W4O
(hIgG1) in complex with FcgR1.39 Similarly, the clash is seen
for this set of Fcs aligned to the hexameric association of Fcs
present in structures 1HZH (Supplemental Fig. 6) and
4NHH.40 Davies et al. further noted a conformational adjust-
ment within the CH2 domain AB loop for Fcs arranged into
hexamers in structures 1HZH and 4D2N37 relative to the con-
formation existing in non-hexamerically associated Fcs.37 In
those cases, the conformational change was necessary to pre-
vent clash between juxtaposed Fcs. However, the observed
alteration in AB loop conformation alone appears not to be the
sole requirement for hexamer formation. Alignment of the
CH2 domain from 4D2N having the altered AB loop

Figure 6. Association of Fc dimers and relative CH2 domain orientation within crystals of SF2IgG1_RE Fc. (A) Left panel shows a spiral of SF2IgG1_RE Fcs (cartoon) gener-
ated by application of the crystallographic symmetry operators to the Fc dimer (colored wheat and blue). Right panel shows a rotated view with projection down the
6-fold screw axis. (B) A prototypical wild-type IgG1 Fc structure (PDBid 3AVE, orange, ribbon) and wild-type IgG1 Fc crystallized under high salt conditions (PDBid 1H3Y,
magenta, ribbon) were aligned to the crystal structure of SF2IgG1_RE Fc (blue, ribbon) based on the chain A CH2 domain. CH2 domains from both chains A and B are
shown oriented looking down the pseudo 2-fold axis though the SF2IgG1_RE Fc CH3 dimer. CH3 domains are omitted for clarity. Dashed lines corresponding in color to
Fc connect Ca atoms of residue R301 in opposing chains. Distances given in A

�
ngstroms. (C) Fcs from PDBs 3AVE (orange) and 1H3Y (magenta) aligned to the bifurcated

mannose residue (BMA, labeled with chain indicated in parentheses, bold) in the chain A glycan of the SF2IgG1_RE Fc structure (blue). The chain A glycan is shown in
line for the latter structure only. Chain B glycans are shown in stick for all 3 Fc structures with select residues labeled.
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conformation onto Fc chains from the structures 3AVE, 4HAF,
4C54, or 4W4O hexamerically arranged as in PDBid 1HZH
also resulted in a clash between the CH2 domain AB loop and
in many cases the EF loop of neighboring molecules (Supple-
mental Fig. 7). Thus, the arrangement of Fcs into a closed, hex-
americ arrangement places certain restrictions on the relative
CH2:CH3 domain orientations.

Two intra-chain salt bridge interactions, commonly
observed at the CH2:CH3 interface of Fc structures, have been
suggested to be important for the stabilization of the interface.26

K248 located in the short helical segment intervening CH2
domain strands A and B forms a salt bridge with E380 in strand
C of the CH3 domain, and K338 C-terminal to CH2 strand G
interacts with E430 in the CH3 domain FG loop (Fig. 6B).
Molecular dynamics simulation of an Fc domain having the
mutations E380A and E430A resulted in a slightly broadened
distribution of the CH2-CH3 domain angle relative to wild-
type, and additional deletion of the hinge resulted in a further
broadening of the distribution and a shift to larger CH2-CH3
angles relative to the point mutation or hinge deletion con-
structs alone.41 In this study, the K248E mutation was designed
to test the hypothesis that disruption of one of these salt bridge
interactions might allow the CH2 domain to more facilely
adopt a conformation necessary for optimal self-association of
Fc dimers. Consistent with this idea, E430G, one of three muta-
tions in a human IgG1 construct shown to exist largely as a
hexamer in solution, would abolish the second of the two salt
bridge interactions present at the CH2:CH3 interface.21

Interestingly, the crystal structure of IgG1 Fc with T437R/
K248E mutations revealed the CH2 domains of the Fc dimer to
be in a highly “closed” form (Figs. 6B and 6C). Teplyakov et al.
suggested a method for comparing the relative disposition of
CH2 domains among Fc structures by referencing the distance
between Ca atoms at positions 238, 241, 301, and 329 on
opposing chains.26 For the mutated Fc structure, only 2 of these
positions, 241 and 301, were resolved in both Fc chains, and
the associated inter-chain distances corresponding to these
positions were 20.0 A

�
and 27.0 A

�
, respectively. These values

were similar to other closed-form Fc structures, which included
Fcs with altered glycosylation (e.g., PDBid 3S7G) and the struc-
ture of a wild-type Fc obtained under high salt conditions
(PDBid 1H3Y42) (Fig. 7B). In the case of the latter, the high salt
condition could serve to screen the electrostatic interaction
between side chains to destabilize the CH2:CH3 interface simi-
lar to what was accomplished in our work through mutation.
1H3Y was a low-resolution structure (4.1 A

�
), and inspection of

electron density maps generated from the deposited structure
factors revealed no density for the side chain of E380 in either
chain nor for K248 in one of the two chains present in the
asymmetric unit. These considerations are consistent with the
idea that K248E functions to destabilize the CH2:CH3 inter-
face, allowing the CH2 domains to more easily access limited
orientations compatible with Fc self-association.

We also sought to strengthen the interface between CH3
dimers in a possible hexameric arrangement of antibodies with
the T437R mutation. The crystal structure of the mutated Fc

Figure 7. Local environment about K248E and T437R mutations in crystal structure of SF2IgG1_RE Fc. (A) Chain A of a prototypical wild-type IgG1 Fc (PDB 3AVE, orange,
cartoon) shown for comparison aligned to the CH3 domain of chains A (left, wheat, cartoon) and B (right, blue, cartoon) from SF2IgG1_RE Fc. CH3 domain FG loop and G
strand of a symmetry related SF2IgG1_RE Fc molecule shown in stick and cartoon and colored blue (left) or wheat (right). Select residues at the CH2:CH3 interface addi-
tionally shown in stick (labeled). Dashed lines indicate salt bridge or hydrogen bond interactions. CH2 and CH3 domains are labeled. (B) Inter-Fc interface about T437R
(stick, labeled) in chains A (left, wheat cartoon) and B (right, blue cartoon) in crystal structure of SF2IgG1_RE Fc (wheat and blue). The equivalent interface for chains H
and K from PDBid 1HZH were aligned to the CH3 domain of SF2IgG1_RE Fc chain A (left) or chain B (right), and the non-aligned interfacial CH3 domains are shown in
gray and magenta cartoon. Residues within 5 A

�
of labeled T437R are shown in stick (labeled). Select distances given in A

�
ngstroms.
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revealed that the T437R side chain adopted different conforma-
tions in chains A and B, likely resulting from the similar but
non-identical environments about the respective residues
(Fig. 7B). Furthermore, although structurally the association of
Fcs into a helical spiral observed in the present crystal structure
was broadly similar to the closed, hexameric forms observed in
structures 1HZH and 4D2N, the inter-Fc CH3:CH3 interfaces
were non-identical (Fig. 7B). Thus, although in the present
structure T437R was not observed to engage E382 on a neigh-
boring Fc in a salt bridge interaction as was the rationale for
the design (Supplemental Fig. 1), such interaction might occur
in a closed ring form. Nonetheless, T437R was in proximity to
E382, likely providing a favorable electrostatic interaction at
the inter-CH3 dimer interface, and did make contacts with the
neighboring Fc that would not be possible with a native
threonine.

Although we cannot specify precisely how the antibodies
were organizing, multimerization of the SF2 antibody and anti-
body against TNFR target A driven by T437R/K248E mutations
upon binding to corresponding receptors on the cell surface
were demonstrated by the NanoBRET protein-protein interac-
tion assays (Fig. 2B, Supplemental Fig. 3). Besides, the func-
tional effects of T437R/K248E mutations on the agonism and
effector functions of anti-TNFR antibodies were analogous to
the effects of E345R mutation, which facilitated antibody
hexamerization.12

The antibody multimerization driven by the T437R/K248E
mutations had several unique utilities. First, the multimerized
antibodies may facilitate increased clustering of bound recep-
tors, a process necessary for the activation of TNFRs such as
the OX40 receptor. Consequently, SF2IgG1_RE showed
enhanced agonism without the need to crosslink to FcgRIIB
(Fig. 1A). The agonism enhancement was not epitope-specific,
since similar effects were observed on another anti-OX40 anti-
bodies (O2IgG1_RE) and on engineered antibodies against 2
other TNFR targets (Supplemental Fig. 2). The agonism
enhancement also applied to engineered SF2 antibody with the
silent IgG2s Fc (Fig. 1C), suggesting that the agonism enhance-
ment was not due to increased engagement to a serum factor.
The mechanism for agonism enhancement driven by the
T437R/K248E mutations was similar to that driven by the
E345R mutation, which facilitated antibody hexamerization.21

By the NF-kB reporter assay, the degree of agonism enhance-
ment driven by the E345R mutation seemed to be larger than
that driven by the T437R/K248E mutations, likely due to
tighter antibody multimerization driven by the E345R mutation
inferred from the NanoBRET protein-protein interaction
assays and structural analysis.12 Compared to those Fc engi-
neering approaches to improve the engagement with FcgRIIB,
the independence on FcgRIIB crosslinking characterized by the
T437R/K248E mutations may equip therapeutic antibodies
with agonism enhancement regardless of FcgR expression lev-
els in the local microenvironment. This may be particularly
advantageous for tumor microenvironments with low levels of
infiltration of FcgR expressing cells. However, the non-depen-
dence of FcgRIIB crosslinking may stimulate agonism non-spe-
cifically, which may lead to undesired off-target effects. Thus,
the design of highly specific targeting would be critical for the
use of such Fc engineering.

Although T437R/K248E mutations can enhance agonism
independent of FcgRIIB crosslinking, the degree of enhance-
ment appeared to be moderate. The presence of Raji cells, how-
ever, could significantly boost the agonism enhancement to a
level comparable to that driven by OX40 ligand (Fig. 3A). Two
observations indicated that the further boost of agonism
depended on the engineered antibody interaction with FcgRIIB
expressed on Raji cells. First, the boost of agonism was only
observed on an antibody with engineered IgG1 Fc, which had
weak binding affinity to FcgRIIB, but not on an antibody with
the silent IgG2s Fc (Fig. 3). Second, the boost of agonism could
be completely reversed by pre-blocking FcgRIIB expressed on
Raji cells (Fig. 3A). By flow cytometry assay, no increased bind-
ing on Raji cells were observed for monomer SF2IgG1_RE anti-
body compared with that with native IgG1 Fc (data not
shown), ruling out the possibility that the boost in agonism was
due to the increased FcgRIIB affinity for the engineered anti-
body. However, although SF2IgG1_RE antibodies existed as
monomers in solution, they multimerized upon binding OX40
receptors on cell surface. It was reported that the multimerized
antibody has much higher affinity to Fcg receptors compared
with antibody in monomer.43 Therefore, the oligomerized
SF2IgG1_RE antibody bound to OX40 receptors on the cell
surface likely have increased binding to FcgRIIB on Raji cells,
which in turn further stabilizes antibody multimerization and
facilitates receptor clustering that leads to the boost of agonism.

The multimerized antibodies on the cell surface driven by the
T437R/K248E mutations not only have increased affinity to
FcgRIIB, they may also have increased bindings to other Fcg
receptors, although the monomer SF2IgG1_RE antibodies in
solution did not show increased affinities to major cell surface
Fcg receptors by flow cytometry assays (data not shown). As a
consequence, it was observed that the T437R/K248E mutations
further boost the potency of the FcgRIIIA-dependent ADCC
activity of the SF2 antibody (Fig. 4A). The effect was specific for
engineered antibody with IgG1 Fc, which was capable of binding
to FcgRIIIA, but not for the antibody with the IgG2s Fc, which
was silent in FcgRIIIA binding.27 Similarly, the T437R/K248E
mutations resulted in marginally higher ADCP activity, on
SF2IgG1_RE likely due to the increased binding of multimerized
antibodies to Fcg receptors including FcgRIIA, which mediates
ADCP (Fig. 4B). Surprisingly, the T437R/K248E mutations
conferred elevated ADCP activity to the otherwise silent
SF2IgG2s. A similar effect was also observed for SF2IgG2s with
the E345R mutation that promotes antibody hexamerization.12

Perhaps IgG2s Fc still maintained weak binding capacity to cer-
tain Fcg receptor mediating ADCP, which was amplified upon
binding to the multimerized antibodies with the engineered
mutations. The T437R/K248E mutations also facilitated signifi-
cantly elevated CDC activity to SF2 antibody with IgG1 Fc but
not with the silent IgG2s Fc (Fig. 4C), likely due to the increased
binding of multimerized antibody to C1q, a component of the
C1 complex that could trigger the initiation of complement cas-
cade. The effects of T437R/K248E mutations on ADCC, ADCP
and CDC were similar to those of E345R mutations, which facil-
itated antibody hexamerization.12,21 Both cases indicated that the
effector functions of therapeutic antibodies could be readily
enhanced with Fc engineering approaches that facilitated
antibody multimerization.
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In summary, a novel pair of Fc mutations that facilitated
antibody multimerization was identified in this study and their
enhancement of agonism and effector functions of an anti-
OX40 antibody were evaluated. In general, the effects of engi-
neered mutations depended on the choice of IgG subtypes.
T437R/K248E mutations with a silent IgG Fc could instill anti-
TNFR antibodies with modest but defined agonistic activity
regardless of FcgR expression levels in the local microenviron-
ment. In addition, the engineered antibodies remained silent in
ADCC and CDC effector functions. In contrast, T437R/K248E
mutations engineered onto IgG1 Fc could significantly enhance
both the agonism and effector functions depending on the type
and quantity of FcgR-expressing cells infiltrated. In addition to
modulating the agonism and effector functions of therapeutic
antibodies against immunostimulatory TNFRs, this Fc engi-
neering approach could be more broadly applied to modulate
monoclonal antibodies to other receptors whose activities rely
on protein oligomerization. To choose an Fc engineering
approach appropriately, many other factors need to be consid-
ered besides therapeutic activities, including the PK, develop-
ability, manufacturability and the immunogenicity of the
engineered biologics. In this context, it was observed that
T437R/K248E mutations did not affect the binding affinity to
FcRn (Fig. 5A) or the PK profile of SF2 antibody in mice
(Fig. 5B), suggesting that incorporating these mutations into
human IgG would render a relatively long half-life in humans
similar to the antibody with native IgG. In addition, the expres-
sion and purification levels of antibodies with the T437R/
K248E mutations were not different from standard human
IgG1 molecules, and the engineered antibodies were stable
upon concentration greater than 50 mg/mL and were monodis-
perse in solution for more than 1 month (data not shown). The
engineering approach evaluated in this study should be a valu-
able addition to the antibody engineering tool box, and more
rigorous studies are needed for further evaluation.

Materials and methods

Fc engineering of SF2 antibody

Plasmids encoding the heavy chain (HC) and light chain (LC)
of a humanized anti-OX40 antibody SF215 were constructed for
the expression of SF2 antibody with either human IgG1 Fc
(SF2IgG1) or IgG2s Fc (SF2IgG2s).27 Gene syntheses were
performed by Genewiz to introduce further mutations (EU
numbering) on the Fc of the HC constructs to express the fol-
lowing engineered SF2 antibodies described in this study: 1)
SF2IgG1_R: SF2IgG1 antibody with T437R mutation; 2) SF2Ig-
G1_RE: SF2IgG1 antibody with mutations T437R and K248E;
and 3) SF2IgG2s_RE: SF2IgG2s antibody with mutations
T437R and K248E

Antibody expression and purification

Plasmids encoding antibody HC and LC were co-transfected at
a 1:3 (HC: LC) molar ratio into Expi293F cells following the
transfection kit instructions (Thermo Scientific). Cells were
centrifuged 5 d post transfection and the supernatant were
passed through a 0.2 mm filter. The titer of antibody expression

was quantified using Octet (ForteBio). Antibody purification
was performed by affinity chromatography over MabSelect
SuRe column (GE Healthcare Life Sciences). The purified
antibody was buffer-exchanged into Dulbecco’s phosphate-
buffered saline (DPBS), pH7.2 by dialysis and protein concen-
tration was determined by UV absorbance at 280 nm. Quality
was assessed by SEC over a TSKgel G3SW column (Tosoh Bio-
science) in 1X DPBS pH 7.2 buffer and SDS-PAGE of reduced
and non-reduced samples.

HEK-Blue NF-kB reporter assay

The HEK-Blue reporter cell line stably expressing human OX40
(HEK-Blue:OX40) and the establishment of a HEK-Blue NF-kB
reporter assay to study the agonistic activity of anti-OX40 anti-
body were described previously.12 Briefly, the OX40 ligand or
antibodies 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, 1 £ 105 Raji cell was
co-cultured in the same assay well. After incubation at 37�C
overnight, the agonistic activities of the antibodies were evalu-
ated by the quantification of the induced secreted alkaline
phosphatase (SEAP) reporter gene expression using Quanti-
Blue detection kit (Invivogen). The agonistic activity of anti-
OX40 antibody was normalized as percent activity relative to
that induced by 1 mg/mL OX40 ligand. Similar stable cell lines
and HEK-Blue NF-kB reporter assays were established to assess
the agonism of antibodies to TNFR targets A and B.

NanoBRET protein-protein interaction assay

The coding sequence for the light chain of SF2 was cloned
into pNLF-C and pHTC halotag vectors (Promega) in frame
with C-terminal Nanoluc and Halotag sequences, respectively.
These LCs were paired with the HCs for SF2IgG1 and SF2Ig-
G1_RE antibodies to express antibodies with either Nanoluc
or Halotag attached at the C-termini of the light chains. Stan-
dard affinity chromatography over MabSelect SuRe column
was used to purify these modified antibodies. The NanoBRET
protein-protein interaction assay (Promega) to study antibody
multimerization on the cell surface was described previously.12

Briefly, equal concentrations of Nanoluc-tagged antibody
(donor) and Halotag-tagged antibody (acceptor) were applied
to HEK-Blue:OX40 cells seeded in each well of the 96-well
assay plate. Halotag 618 ligands were added in experimental
wells and no ligand control wells were also set up. After incu-
bation at 37�C for 30 min, the cells were washed twice and
mixed with Nano-Glo substrate. The donor emission (460
nm) and acceptor emission (618 nm) were measured by Envi-
sion (PerkinElmer). Raw NanoBRET ratio values with milli-
BRET units (mBU) were calculated as RawBRET D 618nmEm/
460nmEm � 1000. To factor in donor-contributed background
or bleed through, Corrected NanoBRET ratio values were cal-
culated as CorrectedBRET D RawBRET of experimental sam-
ple – RawBRET of no-ligand control sample, which reflects
energy transfer from a bioluminescent protein donor to a fluo-
rescent protein acceptor due to protein-protein interactions.
Tagged antibody to TNFR target A were also made to
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quantitate the multimerization of engineered AIgG1 antibod-
ies using similar NanoBRET protein-protein interaction assay.

Flow cytometry binding assay

Two £ 105 cells per well were seeded in 96-well plate and
blocked in bovine serum albumin (BSA) Stain Buffer (BD
Biosciences) for 30 min at 4�C. Cells were incubated with
test antibody on ice for 1.5 hour at 4�C. After being washed
twice with BSA stain buffer, the cells were incubated with
R-PE labeled anti-human IgG secondary antibody (Jackson
ImmunoResearch Laboratories, catalog number 109–116–
097) for 45 min at 4�C. The cells were washed twice in
stain buffer and then re-suspended in 150 mL of stain
buffer containing 1:200 diluted DRAQ7 live/dead stain (Cell
Signaling Technology). PE and DRAQ7 signals of the
stained cells were detected by Miltenyi MACSQuant flow
cytometer (Miltenyi Biotec). Live cells were gated on
DRAQ7 exclusion and the geometric mean fluorescence sig-
nals were determined for at least 10,000 live events col-
lected. FlowJo software (Tree Star) was used for analysis.
Data was plotted as the logarithm of antibody concentration
versus mean fluorescence signals. Nonlinear regression anal-
ysis was performed by GraphPad Prism 6 (GraphPad Soft-
ware) and EC50 values were calculated.

ADCC assay

The ADCC activities of SF2 antibodies were evaluated by an
ADCC reporter bioassay as instructed by the manufacturer
(Promega). Briefly, 25,000 HEK-Blue:OX40 cells per well
plated in 96-well plate overnight were mixed with the engi-
neered effector cells in which the activation of FcgRIIIA
receptor leads to the expression of a luciferase reporter. SF2
antibodies were added to the cells and incubated at 37�C
for 6 hours. Then, Bio-Glo luciferase reagent was added
and the luciferase signals were quantitated by Envision. The
ADCC activities of SF2 antibodies were expressed as fold of
activation of luciferase signals over that without testing
antibody added.

ADCP assay

The ADCP assay for SF2 antibody was described previ-
ously.12 Briefly, macrophages were differentiated from
CD14CCD16C monocytes isolated from peripheral blood
mononuclear cells (Biological Specialty) using a negative
human monocyte enrichment kit (StemCell Technologies).
For the ADCP assay, differentiated macrophages were
mixed with GFP-expressing HEK-Blue:OX40 cells (4: 1
ratio) in 96-well U-bottom plates. The test antibodies were
added and the phagocytosis of target cells was performed
for 24 hours. The macrophages were stained with anti-
CD11b and anti-CD14 antibodies (BD Biosciences, catalog
number 555385 and 555395) coupled to Alexa Fluor 647
(Thermo Scientific). GFP-positive HEK-Blue:OX40 target
cells and Alexa647-positive macrophages were identified by
flow cytometry using Miltenyi MACSQuant flow cytometer.
The data were analyzed using FlowJo software (Tree Star)

and ADCP-mediated cell killing was determined by measur-
ing 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))/(Percentage of
GFPC, CD11b¡, CD14¡ cells with the lowest concentration
of antibody) £ 100.

CDC assay

The CDC activities of the SF2 antibodies were evaluated by a
complement-mediated cell killing assay. Briefly, 1 £ 105 HEK-
Blue:OX40 cells were incubated with diluted rabbit comple-
ment (Cedar Lane Labs) and testing antibodies for one hour.
The lactate dehydrogenase (LDH) activity released from the
cytosol of lysed HEK-Blue:OX40 cells into the supernatant
were measured by Cytotoxicity Detection Kit per manufac-
turer’s instruction (Roche Diagnostics). The complement-
mediated cytotoxicity was expressed as percent cytotoxicity rel-
ative to that lysed by 2% (v/v) Triton X-100.

In vitro assays for FcRn binding

A competitive binding assay was used to assess relative affinities
of different antibody samples to an in-house recombinant
human FcRn extracellular domain with a poly-histidine affinity
tag (FcRn-His6). Ninety-six-well copper-coated plates (Thermo
Scientific) were used to capture FcRn-His6 at 5 mg/mL in PBS,
after which plates were washed with 0.15 M NaCl, 0.02% (w/v)
Tween 20, and then incubated with blocking reagent (0.05M
MES [2-(N-morpholino) ethanesulfonic acid], 0.025% (w/v)
BSA, 0.001% (v/v) Tween-20, pH 6.0, 10% (v/v) chemi-
BLOCKER (Millipore)). Plates were washed as above, and then
serial dilutions of competitor test antibodies in blocking reagent
were added to the plate in the presence of a fixed 1 mg/mL con-
centration of an indicator antibody (a biotinylated human IgG1
monoclonal antibody prepared in-house). Plates were incu-
bated at room temperature for 1 hour, washed 3 times as above,
and then incubated with a 1: 10,000 dilution of streptavidin-
horseradish peroxidase (HRP) (Jackson ImmunoResearch Lab-
oratories) at room temperature for 30 minutes to bind biotiny-
lated antibody. Plates were washed 5 times as above, and
bound streptavidin-HRP detected by adding TMB (3,3�,5,5�-tet-
ramethylbenzidine) peroxidase substrate with stable stop (Fitz-
gerald Industries International) and incubating for 4 minutes.
Color development was stopped by addition of 0.5 M HCl.
Optical densities were determined with a SpectraMax Plus384
plate reader (Molecular Devices) at 450 nm wavelength.

A ‘bind and release’ assay was performed to compare how
the different variants dissociated from human FcRn at
increased pH. Ninety-six-well plates were coated, blocked, and
washed in the same manner as for the competitive binding
assay except the concentration of chemiBLOCKER in the
blocking reagent was increased to 20%. Several dilutions of test
antibody in blocking reagent were added to the plate, incubated
at room temperature for 1–2 hours, washed 3 times as above,
and then quickly washed 3 times again with 0.1M phosphate,
0.05% (w/v) Tween 20 at one of 4 different pHs: 6.0, 6.6, 7.0,
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and 7.4. Plates were immediately washed 3 times using the nor-
mal wash reagent (0.15 M NaCl, 0.02% (w/v) Tween 20) to
quickly remove any residual phosphate buffer, and then incu-
bated with a 1:5,000 dilution of HRP-labeled goat F(ab0)2 frag-
ment anti-human IgG F(ab0)2 fragment-specific antibody
(Jackson ImmunoResearch Laboratories, cat.no. 109–036–097)
at room temperature for 1 hour to bind to FcRn-bound test
antibody. Plates were washed 5 times with normal wash buffer
and bound HRP-labeled antibodies were detected as above.

PK study

For the antibody PK studies, female Tg32 homozygous SCID
mice, 4–8 weeks old (Stock 018441, Jackson Laboratory) were
injected with test antibodies (SF2IgG1_R, SF2IgG1_RE or
SF2IgG1) intravenously via tail vein (2 mg/kg doses, 5 animals
per group). Serial retro-orbital bleeds were obtained from CO2-
anesthesized mice at the indicated time points and terminal
bleeds were taken by cardiac puncture. After 30 min at room
temperature, blood samples were centrifuged 3,000 £ g for
15 min and serum collected for analyses. The PK study was
approved by the Institutional Animal Care and Use Committee
at Janssen Research & Development, LLC.

Human IgG in mouse sera was determined using an electro-
chemiluminescent immunoassay. Streptavidin Gold 96-well
plates (Meso Scale Diagnostics) were coated with 50 mL/well of
2.5 mg/mL biotinylated goat anti human IgG F(ab’)2 antibody
(Jackson ImmunoResearch Laboratories, cat.no. 109–065–097)
in Starting Block T20 (Thermo Scientific) overnight at 4�C.
Plates were washed with Tris-buffered saline with 0.5% (v/v)
Tween 20 (TBST); samples and standards diluted in 2% (w/v)
BSA-TBST were added to plates and incubated for 2 h on a
shaker at room temperature. Bound antibody was detected
using Sulfo-TAG-labeled R10Z8E9, an anti-human Fcg-pan
antibody.44 Plates were washed and 200 mL MSD Read Buffer
was added and plates read on the MSD Sector Imager 6000
(Meso Scale Diagnostics). Serum concentrations of the antibod-
ies were determined from a standard curve using a 5-parameter
non-linear regression program in GraphPad Prism 6 (Graph-
Pad Software).

Terminal half-life (t1/2) calculations of the elimination phase
(b phase) for PK studies were determined using the 1-phase
exponential decay model fitted by a non-linear regression of
natural log concentration vs. time using GraphPad Prism 6
(GraphPad Software). Half-life of the elimination phase
(b phase) was calculated using the formula t1/2 D ln2/b, where
b is the negative slope of the line fitted by the least square
regression analysis starting after day 1. The terminal antibody
half-life value was the average of the t1/2 values within the test
group. Values for each antibody vs IgG1 were compared by T-
tests, and a p value < 0.05 indicated a significant difference.

Structure determination

The plasmid encoding the Fc segment of human IgG1 with the
T437R and K248E mutations were constructed by Genewiz.
The plasmid was transfected into Expi293F cells and the
mutated Fc fragment expressed was purified by standard

affinity chromatography over MabSelect SuRe column (GE
Healthcare Life Sciences).

Crystallization experiments using the sitting drop vapor dif-
fusion method were performed in Corning 3550 plates. 300 nL
drops were set up at room temperature using a Mosquito liquid
handling robot (TTP Labtech) by mixing the mutated hIgG1 Fc
at 15 mg/mL in 50 mM NaCl, 20 mM Tris, pH 7.4, with reser-
voir solution at a 1:1 (v:v) ratio. Diffraction quality crystals
were grown at 20�C using a reservoir solution of 35.5% (w/v)
PEG 300, 0.1 M HEPES, pH 7.0. Crystals were flash frozen in
liquid nitrogen ahead of data collection. Diffraction data were
collected at the Advanced Photon Source beamline 17-ID
(IMCA-CAT) equipped with a DECTRIS Pilatus 6M pixel
array detector, and processed using XDS.45 Initial phases were
determined by the method of molecular replacement with the
program Phaser46 implemented in the CCP4 software suite47

using CH2 and CH3 domains from PDBid 1L6X48 as search
models. The model underwent subsequent rounds of rebuilding
and refinement with the programs Coot24 and Phenix,49 respec-
tively. Toward the end of structure determination, the model
was processed with PDB_REDO,50 which uses Refmac551 for
refinement. Final refinement was performed using Phenix.
Data collection and refinement statistics are given in Table 1.
The final coordinates and structure factors have been deposited
in the PDB52 under accession number 5VME.
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