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Background: Dual neutralization of IL-4 and IL-13 is a promising therapeutic approach for asthma and allergy.
Results: Knobs-into-holes IgG1 and IgG4 bispecific antibodies targeting both cytokines were developed.
Conclusion: Bispecific antibodies of both isotypes have comparable in vitro potencies, in vivo pharmacokinetics, and lung
partitioning.
Significance: Further extension of knobs-into-holes technology to human IgG4 isotype as reported here provides greater
options for therapeutics.

Human bispecific antibodies have great potential for the treat-
mentofhumandiseases.AlthoughhumanIgG1bispecificantibod-
ies have been generated, few attempts have been reported in the
scientific literature that extend bispecific antibodies to other
human antibody isotypes. In this paper, we report our work
expanding the knobs-into-holes bispecific antibody technology
to the human IgG4 isotype. We apply this approach to generate
a bispecific antibody that targets IL-4 and IL-13, two cytokines
that play roles in type 2 inflammation.We show that IgG4bispe-
cific antibodies can be generated in large quantities with equiv-
alent efficiency and quality and have comparable pharmacoki-
netic properties and lung partitioning, compared with the IgG1
isotype. This work broadens the range of published therapeutic
bispecific antibodies with natural surface architecture and pro-
vides additional options for the generationof bispecific antibod-
ies with differing effector functions through the use of different
antibody isotypes.

Monoclonal antibodieshave led to thegenerationofwidely suc-
cessful therapeutics.However, these treatmentsoftendonot com-

pletely ameliorate disease. Because monoclonal antibodies target
only a single antigen, whereas multiple pathogenic mediators are
often dysregulated in human diseases, bispecific antibodies that
can simultaneously target two different antigens may have the
potential to improve therapeutic outcomes.
A vast number of bispecific antibody and antibody-like for-

mats have been developed (1), but few have progressed as ther-
apeutic agents into human clinical trials. Twelve bispecificmol-
ecules are currently being evaluated in clinical studies (2), and
one, catumaxumab (3), has been approved in the European
Union. Despite these advances, these bispecific molecule formats
still have limitations that restrict their general clinical utility. For
example, the small size of some of these molecules leads to short
pharmacokinetic properties that are extended by frequent dosing
intervals, continuous delivery, or fusion to albumin binding
domains (4). In addition, most of these bispecific formats con-
tain non-natural or non-human sequences that serve as linkers,
binding sites, or heterodimerization domains. These sequences
can lead to poor stability, aggregation, and large scalemanufac-
turing challenges. Furthermore, they increase the risk of immu-
nogenicity, thereby precluding their use in settings that require
long term drug administration.
The development of full-length bispecific antibodies with natu-

ral human antibody architectures could overcome many of the
limitations of other bispecific molecule formats. Human antibod-
ies have a long serumhalf-life that is due to the binding of their Fc
regions to the neonatal receptor, FcRn. A variety of solutions have
beendeveloped to drive efficient heterodimerization of full-length
human antibody heavy chains (5–8). However, there have been
few solutions to preventmispairing of light chainswithout the use
of linkers (9, 10).
One way to promote heterodimerization of antibody heavy

chains is by introducing knobs-into-holesmutations in theCH3
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dimer interface. This technology has been used previously to
generate bispecific antibodies of IgG1 subclass with a common
light chain (11, 12) and has subsequently been extended to
bispecific antibodies with two different light chains through the
use of linker sequences (13) or domain swaps (14). Recently, we
developed a method to express heavy-light half-antibodies
(hemimers) that are subsequently combined to form an intact
bispecific immunoglobulin in order to generate bispecific anti-
bodies with two different light chains without the use of non-
natural linkers or domain swaps (15, 16). To date, the knobs-
into-holes technology has not been reported in the scientific
literature for other human antibody isotypes beyond IgG1.
Interleukin-4 (IL-4) and interleukin-13 (IL-13) are two cyto-

kines that are associatedwith type 2 inflammation (17–21). IL-4
binds to two receptors, one a heterodimer of IL-4 receptor �
(IL-4R�)5 and the common � chain (�c) and the other a het-
erodimer of IL-4R� and IL-13 receptor �1 (IL-13R�1). The
latter receptor, IL-4R��IL-13R�1, is a shared receptor with
IL-13, which also uniquely binds a single chain receptor con-
sisting of IL-13 receptor �2 (IL-13R�2).

A number of studies have implicated IL-4, IL-13, and their
receptors in the pathogenesis of asthma and allergy (22–26).
Polymorphisms of the IL-4, IL-13, and IL-4R� genes are asso-
ciated with asthma and allergy, including features such as IgE
levels, prevalence of atopy, and severity of asthma disease. In
addition, expression of IL-4, IL-13, and their receptors are
increased in asthma and other allergic diseases.Moreover, neu-
tralization or deficiency of IL-4, IL-13, and their receptors ame-
liorates disease in preclinical models of asthma.
Recently, several studies have shown clinical activity of mono-

clonal antibodiesagainst IL-13 in the treatmentofasthma(27–31).
Of these, lebrikizumab, a humanized IgG4 antibody that neutral-
izes IL-13 activity, improved lung function in moderate-to-se-
vere asthmatics, particularly in the subgroup with high serum
periostin, a systemic biomarker of IL-13 (27). Given the distinct
and overlapping roles for IL-4 and IL-13 in type 2 inflammation,
dual neutralization of IL-4 and IL-13 may provide improved
efficacy over single neutralization of IL-13 for the treatment of
asthma.
Here we report the development of bispecific antibodies that

target both IL-4 and IL-13. In order to match the bispecific
antibody isotype to that of lebrikizumab, we used knobs-into-
holes technology to create human IgG4 bispecifics and showed
that such IgG4 bispecific antibodies can be generated with
equivalent efficiency and quality andhave activities comparable
with those of IgG1 bispecific antibodies.

EXPERIMENTAL PROCEDURES

Generation of Anti-IL-4 Hybridoma—A panel of antibodies
that selectively bind human interleukin-4 (IL-4)were generated
using commercially available human IL-4 (R&D Systems, Min-
neapolis, MN). Each hind footpad of five BALB/c mice was
injectedwith 0.5�g of IL-4 resuspended in a 25-�l total volume

of monophosphoryl-lipid A and trehalose dicorynomycolate
(MPLTM � TDM)-based adjuvant (Corixa, Hamilton, Canada)
in phosphate-buffered saline (PBS) at 3–4-day intervals. Serum
samples were taken after seven boosts and titers determined by
an enzyme-linked immunosorbant assay (ELISA) to identify
mice with a positive immune response to IL-4. Animals were
boosted twicemore via footpad (0.5�g in 25�l/footpad), intra-
peritoneal cavity (2 �g in 100 �l), and intravenous (1 �g in 50
�l) routes using adjuvant in PBS. Three days after the final
boost, animals that showed positive serum titers by ELISAwere
sacrificed, and a single cell suspension of splenocytes was fused
with the mouse myeloma cell line P3X63Ag.U.1 (American
Type Culture Collection, Manassas, VA) using electrofusion
(Cyto Pulse Sciences, Inc., Glen Burnie,MD). Fused hybridoma
cells were selected from unfused splenic, popliteal node or
myeloma cells using hypoxanthin-aminopterin-thymidine
selection in Medium D from the ClonaCell� hybridoma selec-
tion kit (StemCell Technologies, Inc., Vancouver, Canada).
Hybridoma cells were cultured in Medium E from the Clona-
Cell� hybridoma selection kit, and cell culture supernatants
were used for further characterization and screening. To screen
the 1921 hybridoma cell lines generated, an ELISA was per-
formed generally as described earlier (32).
Humanization of 19C11—The hypervariable regions from

mu19C11were grafted into the humanVL� I andVH subgroup
III consensus frameworks to generate a complementarity-de-
termining region graft (19C11 graft) by Kunkel mutagenesis
using separate oligonucleotides. Select murine vernier frame-
work positions that might be important were individually
added to the 19C11 graft to evaluate their ability to restore the
affinity and function to that of mu19C11. Only two positions in
VH, R71L and L78A, were required to improve binding.
Surface Plasmon Resonance BIAcore Affinity Measurement—

The binding kinetics of the anti-IL-4, anti-IL-13, or anti-IL-4/
IL-13 bispecific antibodies were measured using surface plas-
mon resonance on a Biacore 3000 instrument (GE Healthcare).
Anti-human Fc (GE Healthcare) was immobilized on a CM5
sensor chip via amine-based coupling using the manufacturer-
provided protocol. Antibody was captured at a level of 1200
resonance units. Bispecific binding was measured to human
IL-4, cynomolgus IL-4, human IL-13, human IL-13 R130Q, and
cynomolgus IL-13 at concentrations of 0, 3.13, 6.25, 12.50, 25.0,
and 50.0 nM. Sensograms for binding of cytokine were recorded
using an injection time of 2 min with a flow rate of 30 �l/min at
a temperature of 25 °C and with a running buffer of 10 mM

HEPES, pH 7.4, 150 mM NaCl, and 0.005% Tween 20. After
injection, disassociation of the cytokine from the antibody was
monitored for 1000 s in running buffer. The surface was regen-
erated between binding cycles with a 60-�l injection of 3 M

magnesium chloride. After subtraction of a blank that con-
tained running buffer only, sensograms observed for cytokine
binding to anti-IL-4/anti-IL-13 bispecific antibody were ana-
lyzed using a 1:1 Langmuir binding model with software sup-
plied by the manufacturer to calculate the kinetics and binding
constants.
Plasmid Construction and Expression of Antibodies—Anti-

bodies were cloned into expression vectors described previ-
ously (33). The STII signal sequence with a translation initia-

5 The abbreviations used are: IL-4R�, IL-4 receptor �; IL-13R�1 and IL-13R�2,
IL-13 receptor �1 and �2, respectively; CE, capillary electrophoresis; PK,
pharmacokinetic; BAL, bronchoalveolar lavage; ELF, epithelial lining fluid;
BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol.
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tion strength of 1 for both the heavy chain and light chain
preceded the sequence coding for the mature antibody. For
protein expression, an overnight culture in a suitable W3110
derivative (34) was grown at 30 °C in LB (100 �g/ml carbenicil-
lin), diluted 1:100 into CRAP medium (100 �g/ml carbenicil-
lin), and grown for 24 h at 30 °C. For larger preparations, the
cultures were grown in 10-liter fermentors as described previ-
ously (33).
For SDS-PAGE analysis under non-reducing conditions, 200

�l of overnight culture was harvested and resuspended in 100
�l ofNR lysis buffer (88�l of PopCulture reagent (Novagen), 10
�l of 100 mM iodoacetamide, 2 �l of lysonase reagent (EMD
Biosciences)). After incubation for 10 min at room tempera-
ture, samples were spun for 2 min at 9300 relative centrifugal
force, and 50�l of supernatant was transferred into a fresh tube
and mixed with the same volume of 2� SDS sample buffer
(Invitrogen). Before loading 10 �l of the sample on NuPAGE
4–12% BisTris/MES gels (Invitrogen), samples were heated for
5 min at 95 °C and spun for 1 min at 16,000 relative centrifugal
force. Gels were transferred by iBlot (Invitrogen) onto nitrocel-
lulose membrane, immunoblotted with IRDye800CW-conju-
gated anti-human IgG F(c) antibody (Rockland), and imaged
with a LI-COR Odyssey Imager.
For total reduced cell samples, the cell pellet was resus-

pended inR-lysis buffer (10�l of 1M dithiothreitol (DTT), 88�l
of PopCulture reagent (Novagen), 2 �l of lysonase) and incu-
bated for 10min at room temperature before samples weremixed
with 2� SDS sample buffer. Western blots were imaged as
described before with the exception that IRDye800CW-con-
jugated anti-human antibody (Rockland) was used for
immunodetection.
Purification and Assembly of Bispecific Antibodies—Esche-

richia coli whole cell broth was homogenized using a Niro-
Soavi homogenizer from GEA (Bedford, NH). The resulting
homogenate was then extracted by the addition of polyethyl-
eneimine flocculent to a final concentration of 0.4%, diluted
with purified water, and mixed for 16 h at room temperature.
The extract was cleared by centrifugation followed by filtration
using a 0.2-�m sterile filter cooled to 15 °C and loaded on a
pre-equilibrated (25mMTris, 25mMNaCl 5mMEDTA, pH7.1)
Protein A column. The column was washed with equilibration
buffer and 0.4Mpotassiumphosphate, pH7.0, and finally eluted
with 100mM acetic acid, pH 2.9. The Protein A pools were then
combined in an assembly reaction.
The separate half-antibody Protein A pools were condi-

tioned with 0.2 M arginine, pH-adjusted using 1.5 M Tris base to
pH8.0, and combined. L-Reduced glutathione (GSH)was added
in a 200-fold molar excess over bispecific antibody, and pools
were incubated at 20 °C for 48 h. After incubation, the assem-
bled bispecific antibody was purified by an anion exchange
chromatography step and a cation exchange chromatography
step. The cation exchange eluate was concentrated and buffer-
exchanged into final formulation buffer.
Analytical Characterization of Antibodies by Intact and

Reduced Mass Spectrometric Analysis—Reduced and intact
masses of bispecific antibodies were obtained by LC/MS anal-
ysis using an Agilent 6210 electrospray ionization-TOF mass
spectrometer coupled with a nano-Chip-LC system. The bispe-

cific samples, with and without prior tris(2-carboxyethyl)phos-
phine) reduction, at about 5 ng of antibodies per injection, were
desalted by RP-HPLC for direct onlineMS analysis. The result-
ing spectra for both reduced and non-reduced samples exhib-
ited a distribution of multiply charged protein ions, and the
spectra were deconvoluted to zero charge state using theMass-
Hunter workstation software/Qualitative Analysis B.03.01
(Agilent Technologies Inc.).
Analytical Size Exclusion Chromatography—Size variants

were separated using a TosoHaas TSK G3000SWXL column
(7.8 � 300 mm) eluted isocratically with a mobile phase con-
sisting of 0.2 M potassium phosphate and 0.25 M potassium
chloride (pH 6.2). The separation was conducted at room tem-
perature with a flow rate of 0.5 ml/min. The column effluent
was monitored at 280 nm. Relative percentage of peak areas for
high molecular weight species, main peak, and low molecular
weight species was determined by using the Chromeleon Soft-
ware version 6.80 SR11 from Dionex Corp.
Capillary Electrophoresis-Sodium Dodecyl Sulfate Analysis

(CE-SDS)—The bispecific samples were first diluted with cit-
rate-phosphate buffer, pH 6.6, and treatedwith SDS andN-eth-
ylmaleimide at 70 °C for 3 min. Upon cooling, samples were
labeled at 50 °C for 10 min with 3-(2-furoyl)quinoline-2-car-
boxaldehyde) in the presence of excess potassium cyanide. The
labeling reaction was quenched by buffer exchange and then
treated with 1% SDS. Non-reduced samples were heated at
70 °C for 5min. Reduced sampleswere treatedwith 50mMDTT
at 70 °C for 10 min.
Both non-reduced and reduced samples were analyzed by

CE-SDS using a Beckman PA 800 CE system with a 50-�m
diameter uncoated fused silica capillary. Samples were injected
electrokinetically (40 s at 5 kV), and separation was performed
at a constant voltage of 15 kV in reversed polarity for 35 min.
Capillary temperature was maintained at 40 °C. The migration
of labeled components was monitored by LIF detection; the
excitation was at 488 nm, and the emission was monitored at
600 nm.
Cell Culture (TF-1)—Human TF-1 (erythroleukemic cells,

R&D Systems) were cultured in a humidified incubator at 37 °C
with 5% CO2 in growth medium containing RPMI 1640
(Genentech Media Preparation Facility, South San Francisco,
CA), 10% heat-inactivated fetal bovine serum (FBS) (catalogue
no. SH30071.03, HyClone Laboratories, Inc. (Logan, UT)), 1�
penicillin/streptomycin/glutamine (Catalogue number 10378-
016, Invitrogen) and 2 ng/ml rhGM-CSF (catalogue no. 215-
GM, R&D Systems). Assay medium was growth medium with-
out 2 ng/ml rhGM-CSF. Cytokines were added to the assay
medium as specified, at the following final concentrations: 0.2
ng/ml human IL-4 (catalogue no. 204-IL, R&D Systems), 10
ng/ml human IL-13 (PUR18969, Genentech, South San Fran-
cisco, CA), and 10 ng/ml human IL-13 R130Q (PUR18970,
Genentech).
TF-1 Cell Proliferation Assay—Antibodies were serially

diluted 3.3-fold in 50 �l of assay medium containing cytokines
in a 96-well tissue culture plate (catalogue no. 353072, Falcon
BD, Franklin Lakes, NJ). Plates were incubated for 30 min at
37 °C. TF-1 cells werewashed twice in assaymedium and resus-
pended at a final volumeof 2.5� 105 cells/ml. 50�l of cells were
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added to each well for a total volume of 100 �l. Plates were
incubated for 4 days in a humidified incubator at 37 °C with 5%
CO2, before the addition of 1 �Ci of [3H]thymidine/well. After
an additional 4-h incubation, proliferation was measured by
cell-associated [3H]thymidine incorporation using a liquid
scintillation counter. Results from duplicate samples are
expressed as mean values with S.E.
Data Analysis (TF-1)—Graphs were generated, and statisti-

cal analysis was performed using KaleidaGraph (Synergy Soft-
ware, Reading, PA).
Pharmacokinetic Studies in CynomolgusMonkeys—The phar-

macokinetic (PK) studies in cynomolgus monkeys were
approved by the institutional animal care and use committee.
The PK study with anti-IL-4/IL-13 IgG4 was conducted at
Charles River Laboratories Preclinical Services (Reno, NV). A
total of 15 female cynomolgus monkeys (2.2–2.6 kg) from
Charles River Laboratories stock were randomly assigned to
five groups (n � 3/group). Animals in group 1 were given an
intravenous and subcutaneous dose of the control vehicle. Ani-
mals in groups 2, 3, and 4 were given a single intravenous bolus
dose of anti-IL-4/IL-13 IgG4 at 10, 30, and 100 mg/kg, respec-
tively. Animals in group 5 were given a subcutaneous dose of
anti-IL-4/IL-13 IgG4 at 10 mg/kg.
The PK study with anti-IL-4/IL-13 IgG1 was conducted at

Shin Nippon Biomedical Laboratories USA (Everett, WA). A
total of 12 female cynomolgus monkeys (2.4–3.1 kg) from Shin
NipponBiomedical Laboratories stockwere randomly assigned
to four groups (n� 3/group). Animals in group 1 were given an
intravenous dose of the control vehicle. Animals in groups 2, 3,
and 4 were given a single intravenous bolus dose of anti-IL-4/
IL-13 IgG1 at 10, 30, and 60 mg/kg, respectively.
For both studies, serum samples were collected at various

time points out to 4–5 weeks postdose, and concentrations of
anti-IL-4/IL-13 IgG4 or anti-IL-4/IL-13 IgG1 were assessed by
ELISA with a limit of quantitation of 0.078 �g/ml. Anti-thera-
peutic antibody levels were assessed by bridging ELISA. For PK
data calculations, study day 1 was converted to PK day 0 to
indicate the start of dose administration. The serum concentra-
tion data for each animal were analyzed using two-compart-
ment analysis with WinNonlin�, version 5.2.1 (Pharsight,
Mountain View, CA).
Lung Partitioning Study in Cynomolgus Monkeys—The lung

partitioning study in cynomolgusmonkeyswas approved by the
institutional animal care and use committee. This study com-
paring anti-IL-4/IL-13 IgG4 and anti-IL-4/IL-13 IgG1was con-
ducted at Charles River Laboratories Preclinical Services. The
study consisted of two different sessions. In the first session,
n � 24 cynomolgus monkeys (3–10 kg) from Charles River
Laboratories stock received a base-line aerosol challenge with
Ascaris suum to determine the suitability of the A. suum chal-
lenge to elicit appropriate airway responses in each animal. The
animals were monitored for signs of distress throughout the
challenge period and were not given antibodies during this ses-
sion. Four weeks later, the second session was initiated, and a
total of seven male cynomolgus monkeys were randomly
assigned to two groups (n � 3 in IgG4 group; n � 4 in IgG1
group). These monkeys then received 10 mg/kg of either anti-
IL-4/IL-13 IgG4 or anti-IL-4/IL-13 IgG1 via an intravenous

bolus dose on study day 1 and study day 8. Subsequently, the
animals were challenged via aerosol inhalationwithA. suum on
study day 9. At various time points up to 23 days postdose,
bronchoalveolar lavage (BAL) fluid and serum samples were
collected and analyzed for anti-IL-4/IL-13 IgG4 or anti-IL-
4/IL-13 IgG1 concentrations by ELISA with a limit of quan-
titation of 0.078 �g/ml. For data calculations, study day 1
was converted to PK day 0 to indicate the start of dose
administration. Urea and albumin were measured in BAL
and serum to estimate epithelial lining fluid (ELF) concen-
trations and to correct for inflammation-induced vascular
leakage, respectively.

RESULTS

Selection of the Parental Antibodies for a Bispecific Combi-
nation—To assemble an anti-IL-4/IL-13 bispecific antibody,
we first identified suitable parental antibodies against each
cytokine IL-4 and IL-13. The anti-IL-13 arm of the bispecific
antibody was based on lebrikizumab, a previously generated
and well characterized antibody, which binds soluble human
IL-13 with a Biacore-derivedKD lower than the detection limit,
10 pM. Binding of lebrikizumab to IL-13 does not inhibit bind-
ing of IL-13 to IL-13R�1 but does block the subsequent forma-
tion of the heterodimeric signaling-competent IL-4R��IL-
13R�1 complex (27, 35).
Monoclonal antibodies to human IL-4 were generated from

BALB/c mice immunized with human IL-4. Clone 19C11
bound to human IL-4with an affinity of 10 pM, as determined by
surface plasmon resonance analysis. 19C11 blocked binding of
biotinylated IL-4 to IL-4R� and inhibited IL4-induced prolifer-
ation of TF-1 cells (Fig. 1), suggesting an epitope on IL-4 that
overlaps with a region critical for binding to IL-4R�. 19C11was
subsequently humanized by grafting the hypervariable region
into a human V� 1/VHIII consensus framework along with two
mouse vernier positions at 71 and 78 in the variable heavy
domain. The binding affinity, epitope, and cellular activity of
19C11 were conserved during the humanization process (data
not shown).
Generation of Anti-IL-4/IL-13 Bispecific Antibody—We pre-

viously established a robust and versatile technology to gener-
ate human IgG1 bispecific antibodies with two different light
chains in E. coli (15, 16). This technology utilized knobs-into-
holes technology (5, 6) to promote heterodimerization of
immunoglobulin heavy chains. To prevent light chain mispair-
ing, each armwas cultured as a hemimer in separateE. coli cells.
This approach was successful for generating an anti-IL-4/IL-13
IgG1 bispecific antibody by subcloning the anti-IL-4 and anti-
IL-13 parental antibodies into vectors that expressed the anti-IL-4
armasahumanIgG1holeand theanti-IL-13armasahumanIgG1
knob.After expression, the soluble fractionswere characterizedby
SDS-PAGE followed by anti-Fc immunostaining to analyze the
formation of half-antibody species (Fig. 2). The intact bispecific
antibody was assembled from two different protein A-purified
half-antibody pools by redox chemistry.
Engineering Human IgG4 Knobs-into-holes Bispecific Anti-

bodies—Lebrikizumab, the anti-IL-13 antibody that has
shown clinical benefit in the treatment of moderate-to-se-
vere uncontrolled asthma (27), is an IgG4 isotype antibody
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with a stabilizing S228Pmutation in the hinge region.We are
unaware of any reports in the scientific literature describing
the expression of IgG4 antibodies in E. coli or the application
of the knobs-into-holes bispecific antibody technology to
the IgG4 isotype.
Despite the high sequence homology between human IgG1

and IgG4 isotypes (�90%), several key sequence differences
(36) exist that may impact the functional expression in E. coli
and the subsequent assembly of half-antibodies into a bispecific
molecule in vitro. Importantly, in contrast to IgG1, the heavy-
light interchain disulfide of IgG4 is formed by non-consecutive
disulfides (Fig. 3). This non-consecutive disulfide linkage pat-
tern is not commonly observed for E. coli proteins (37). In
addition, the hinge region of IgG4 is destabilized by a Ser-
228 residue, and the CH3 dimer interface of IgG4 contains a
destabilizing Arg-409 residue (38) (European Union num-
bering convention).
We designed several constructs to dissect the impact of the

IgG4 Fc region sequence, the interchain disulfide pattern, and
the CH3 Arg-409 on the functional expression of the half-anti-
bodies in E. coli and subsequent assembly to a bispecific mole-
cule. In all cases, we introduced a stabilizing S228Pmutation in
the hinge region to attenuate Fab arm exchange after assembly
(39). We first grafted the IgG4 Fc region with corresponding
knob/hole mutations (6) (T366W, T366S, L368A, and Y407V)
onto the IgG1 Fab in order to assess the impact of the IgG4 Fc
region on functional expression of the half-antibody. For both
antibodies, anti-IL-4 and anti-IL-13, this yielded similar
amounts of disulfide-bonded material as the IgG1 isotype (Fig.
2, c and d), indicating that the differences between the isotypes
in the Fc region do not impact functional half-antibody expres-
sion in E. coli. We next converted the entire constant region of
the heavy chain to the IgG4 subclass. Although this resulted in
a reduction in functionally expressed half-antibody, it demon-
strated that E. coli is in principle capable of forming intramo-
lecular disulfides in the constant region of the antibody from
non-consecutive cysteines. Because position 409 is critical for

the CH3 stability (38) and the impact of Arg-409 for a down-
stream assembly process was uncertain at this stage, we also
designed a construct with an R409K mutation, to recreate the
CH3 interface found in the IgG1 isotype. For both antibodies,
this partially rescued the slight drop in functional expression of
the IgG4 isotype (Fig. 2, c and d).
Assembly and Purification of Bispecific Antibodies—To com-

pare the assembly of the different bispecific antibody con-
structs, we grew cultures expressing half-antibodies as IgG1,
IgG4, and IgG4R409K. After purification of the half-antibodies by
Protein A chromatography, the hemimer pairs were mixed, and
the intact bispecific antibody was formed by a redox chemistry
stepof theheterodimerizedknob/hole pairs. Excesshalf-antibody
was removed by anion and cation exchange chromatography
steps. After the final chromatography step, the material was for-
mulated at 45 g/liter in 0.2 M arginine succinate, pH 5.5, 0.02%
polysorbate-20. To confirm that the assembled antibodies shifted
from thehalf-antibody species to a stable intact antibody,we char-
acterized them by size exclusion chromatography. All three con-
structs eluted with a retention time corresponding to an intact,
150-kDa antibody (Fig. 4a). Furthermore, no significant amounts
of aggregated species (0.6/0.4/0.4% for IgG1/IgG4/IgG4R409K)
and only trace amounts of low molecular weight species (0.2/
0/4.4% for IgG1/IgG4/IgG4R409K) were detected, suggesting
that both isotypes can be used to assemble antibodies of low
aggregation propensity.
One of the critical steps during bispecific assembly is the

formation of the hinge disulfides. Because size exclusion chro-
matography cannot resolve the oxidation state of the interchain
disulfides, we subjected the antibodies to CE-SDS and found
that all three formats formed hinge disulfides with similar effi-
ciency. For IgG1, IgG4, and IgG4R409K, 89.3, 91.4, and 86.7% of
the material was observed in the fully oxidized conformation,
respectively (Fig. 4b). We next reduced the samples and reana-
lyzed them by CE-SDS to determine the respective ratios of
light to heavy chains (Fig. 4c). All three formats had a similar
and expected distribution of light (31.3/31.4/30.9% for IgG1/
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IgG4/IgG4R409K) and heavy chains (65.8/64.9/65.4% for IgG1/
IgG4/IgG4R409K), further confirming the existence of a natural
antibody conformation.
To ensure that heterodimeric species were generated during

the assembly process, we analyzed the final bispecificmolecules
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and hole mutations both result in a predominant half-antibody species (HL).
Fragment designations are heavy chain (H) and light chain (L). Lane M, molec-
ular weight standard; lane C, control (no antibody expression plasmid). An
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FIGURE 4. Analytical characterization of the bispecific antibodies con-
firms successful assembly of the immunoglobulin. a, size exclusion chro-
matography of the assembled material confirmed the intact 150-kDa species
and low aggregate levels of the bispecific antibodies. The inset shows a
zoomed in view of the same graph on the high molecular weight area. b, by
non-reduced CE-SDS-PAGE, the successful formation of the hinge disulfides
and the integrity of interchain disulfides were confirmed. The main peak area
corresponds to an intact antibody with formed interchain disulfides. The few
minor peak species are reflective of intact antibody lacking complete inter-
chain disulfide to stabilize the heterodimer. c, reduced CE-SDS confirmed the
presence of the expected distribution of light and heavy chains and demon-
strated the purity of the material. Aside from the main peaks for intact light
and heavy chain, only trace peaks were detected. For all panels, IgG1 (green),
IgG4 (red), IgG4R409K (blue), and buffer only (black) are shown. mAU, milliab-
sorbance units.
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bymass spectrometry. The intact and reducedmasses are sum-
marized in Table 1 and Table 2. For all three bispecific antibod-
ies, the experimental masses matched closely the theoretical
masses, and we were not able to detect any masses correspond-
ing to homodimeric species. A reverse phase HPLC assay fur-
ther confirmed that the antibodies were bispecific, with no evi-
dence of homodimeric antibodies (data not shown). Becausewe
could not detect any significant differences in the assembly of
Arg-409 and R409K IgG4 bispecific knobs-into-holes antibod-
ies, all further studies utilized the wild type (Arg-409) IgG4
bispecific antibody format.
Biochemical Characterization of Bispecific Antibodies—We

next characterized the IgG1 and IgG4 bispecific antibodies to
assess whether their binding affinities to IL-4 and IL-13, as well
as their ability to block the binding of IL-4 and IL-13 to their
receptors, were comparable. The affinities of the IgG1 and
IgG4 bispecific antibodies for IL-4 and IL-13 were measured
by Biacore and were found to be comparable (Table 3) and
similar to those of the parental antibodies, indicating that
the ability to bind ligand is not impacted by the bispecific
format or the isotype. In addition, similar to the parental
anti-IL-4 and anti-IL-13 antibodies, each bispecific antibody
fully inhibited the binding of IL-4 to IL-4R� and did not
inhibit binding of IL-13 to IL-13R�1 or IL-13R�2. These
findings suggest that the binding epitope and monovalent
affinity for each IL-13 and IL-4 arm was conserved across the
bispecific antibodies.

Neutralization of IL-4 and IL-13 Activity in an in Vitro Cel-
lular Assay—The activity of both anti-IL-4/IL-13 IgG1 and
anti-IL-4/IL-13 IgG4 bispecific antibodies was assessed in an in
vitro cellular assay in which human IL-4 and IL-13 induce the
proliferation of TF-1 cells. The ability of each bispecific anti-
body to block proliferation of TF-1 cells induced by human
IL-4, human IL-13, and the human IL-13 isoform R130Q (data
not shown) alone or in combinationwas evaluated (Fig. 5). Both
anti-IL-4/IL-13 IgG1 and anti-IL-4/IL-13 IgG4 bispecific anti-
bodies inhibited human IL-4-induced (IC50 � 0.06 �g/ml
(IgG1) and 0.05 �g/ml (IgG4)), IL-13-induced (IC50 � 0.03
�g/ml (IgG1) and 0.03 �g/ml (IgG4)), and IL-4-/IL-13-induced
(IC50 � 0.07�g/ml (IgG1) and 0.05�g/ml (IgG4)) proliferation
of TF-1 cells in a dose-dependent manner, with no significant
differences in the IC50 values for in vitroneutralization between
the two different bispecific antibodies. In addition, each bispe-
cific antibody neutralized IL-4-/IL-13-induced TF-1 cell prolif-
eration with comparable potency as a combination of the two
parental bivalent, monospecific antibodies (Fig. 5d), indicating
that there is no loss of antibody potency in the bispecific anti-
body format.
Pharmacokinetic Studies in Cynomolgus Monkeys—We next

assessed the in vivo pharmacokinetics of the IgG4 and IgG1
anti-IL-4/IL-13 bispecific antibodies following single intrave-
nous or subcutaneous administration to cynomolgus monkeys.
The serum concentration-time profiles of the anti-IL-4/IL-13
IgG4 and anti-IL-4/IL-13 IgG1 bispecific antibodies exhibited
biphasic disposition with linear pharmacokinetics over the dose
range tested (Fig. 6, a and b). The initial volume of the central
compartment for both antibodies was similar to the serum vol-
ume, indicating limited distribution. Both antibodies had a rel-
atively slow clearance and a long terminal half-life that was as
expected for human IgG4 and IgG1 antibodies in cynomolgus
monkeys (mean clearance � 5.79–6.70 ml/day/kg for anti-IL-
4/IL-13 IgG4 and 3.59–4.09 ml/day/kg for anti-IL-4/IL-13
IgG1). Based on the area under the curve calculated for the 10
mg/kg dose groups, the subcutaneous bioavailability of the
anti-IL-4/IL-13 IgG4 antibodywas 95.1%. The presence of anti-
therapeutic antibodies was detected in 50% of the anti-IL-4/
IL-13 IgG4-dosed animals, including all three animals in the
100 mg/kg intravenous dose group, and appeared to be associ-
ated with the increased elimination of anti-IL-4/IL-13 IgG4
after day 14. Therewas a low incidence of anti-therapeutic anti-
bodies detected in anti-IL-4/IL-13 IgG1-treated animals, which
did not appear to affect the PK.Overall the pharmacokinetics of
both anti-IL-4/IL-13 IgG4 and anti-IL-4/IL-13 IgG1 bispecific
antibodies were similar and comparable with that of other
humanized IgG1 and IgG4monoclonal antibodies in cynomol-
gus monkeys.

TABLE 1
Mass spectrometric analysis of non-reduced anti-IL-4/IL-13 bispecific
antibodies

Theoretical
mass

Experimental
mass

Da Da
Anti-IL-4/IL-13 IgG1 bispecific 145,298.4 145,304.5
Anti-IL-4 IgG1 homodimer 144,798.6 NOa

Anti-IL-13 IgG1 homodimer 145,798.3 NO
Anti-IL-4/IL-13 IgG4 bispecific 144,923.7 144,929.6
Anti-IL-4 IgG4 homodimer 144,423.9 NO
Anti-IL-13 IgG4 homodimer 145,423.5 NO
Anti-IL-4/IL-13 IgG4R409K bispecific 144,867.7 144,874.0
Anti-IL-4 IgG4R409K homodimer 144,367.8 NO
Anti-IL-13 IgG4R409K homodimer 145,367.5 NO

a NO, not observed.

TABLE 2
Mass spectrometric analysis of reduced anti-IL-4/IL-13 bispecific anti-
bodies

Theoretical
mass

Experimental
mass

Da Da
Anti-IL-4 LCa IgG1 23,522 23,521
Anti-IL-4 HCb IgG1 48,893 48,893
Anti-IL-13 LC IgG1 23,815 23,815
Anti-IL-13 HC IgG1 49,100 49,099
Anti-IL-4 LC IgG4 23,522 23,523
Anti-IL-4 HC IgG4 48,706 48,708
Anti-IL-13 LC IgG4 23,815 23,816
Anti-IL-13 HC IgG4 48,913 48,914
Anti-IL-4 LC IgG4R409K 23,522 23,523
Anti-IL-4 HC IgG4R409K 48,678 48,679
Anti-IL-13 LC IgG4R409K 23,815 23,816
Anti-IL-13 HC IgG4R409K 48,885 48,886

a LC, light chain.
b HC, heavy chain.

TABLE 3
Binding kinetics of anti-IL-4/IL-13 bispecific antibodies

Isotype Ligand Kon/104 koff/10�4 Kd

M�1 s�1 s�1 nM
IgG1 IL-4 134.4 � 49.8 0.848 � 0.05 0.068 � 0.020
IgG4 IL-4 287.00 � 4.58 1.327 � 0.058 0.046 � 0.001
IgG1 IL-13 71.4 � 4.0 0.170 � 0.119 0.023 � 0.015
IgG4 IL-13 53.73 � 2.1 0.301 � 0.109 0.056 � 0.020
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Lung Partitioning in a Cynomolgus Monkey Asthma Model—
Biodistribution of therapeutic antibodies to the lung is impor-
tant in order to target local pathogenic IL-4 and IL-13 in asth-
matics. Thus, we evaluated potential differences in the lung
partitioning of IgG4 versus IgG1 anti-IL-4/IL-13-bispecific
antibodies in a cynomolgus monkey model of asthma. In this
asthmamodel, cynomolgus monkeys that were naturally sensi-
tized to A. suum received an aerosol challenge of A. suum
extract to elicit allergic inflammatory responses that mimic
those of asthmatics exposed to allergens. We compared the
serum concentrations to ELF concentrations of anti-IL-4/IL-13
IgG4 and anti-IL-4/IL-13 IgG1 antibodies following intrave-
nous administration of 10 mg/kg on study days 1 and 8 and a

lung challenge with A. suum extract on study day 9. IgG con-
centration values in the ELF were derived by correcting BAL
fluid IgG concentration data for dilution inherent to the BAL
fluid collection procedure as described (40). The serum to lung
partitioning of anti-IL-4/IL-13 IgG4 and anti-IL-4/IL-13 IgG1
bispecific antibodies was comparable throughout the length of
the study (Fig. 7). Prior to the allergen challenge, ELF concen-
trations for both antibodies were�1–4% of IgG serum concen-
trations, indicating that only a small fraction of the systemic
antibody reached the ELF. Inhalation challenge with A. suum
on study day 9 appeared to result in increased lung partitioning
for both antibodies. However, upon normalizing IgG concen-
trations to albumin concentrations in the ELF and comparing
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FIGURE 5. Anti-IL-4/IL-13 bispecific antibodies potently inhibit human IL-4- and IL-13-induced cell proliferation. The bispecific antibodies of IgG1 or IgG4
isotype inhibit cytokine-driven cell proliferation with similar dose-dependent response. TF-1 cells were mixed and incubated with preincubated cytokine/
antibody mixtures of variable antibody concentration. The ability of antibody to block human cytokine-induced proliferation was assayed for IL-4-induced (a)
or IL-13-induced (b) proliferation alone or in combination IL-4/IL-13 (c) and, for IL-4/IL-13-induced proliferation, compared with that of a combination of the
parental bivalent, monospecific anti-IL-4, and anti-IL-13 antibodies (d). After incubation for 4 days, cell proliferation was measured by [3H]thymidine incorpo-
ration. Cell-associated radioactivity was quantified by scintillation counting. Results are expressed as the mean of duplicate samples. Antibodies added in
cytokine incubation were as follows: anti-IL-4/IL-13 IgG1-isotype (blue bullet), anti-IL-4/IL-13 IgG4-isotype (red square), a mixture of anti-IL-4 and anti-IL-13
(black triangle), no antibody added (open square), no cytokine and antibody added (filled square). Error bars, S.E.
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these values with serum IgG concentrations, the data suggested
that the increased ELF IgG concentrations following the respi-
ratory challenge were due to nonspecific macromolecular vas-
cular leakage induced by the challenge.

DISCUSSION

The development of new platforms for human bispecific
antibodies may lead to more efficacious therapeutics for the
treatment of human diseases. Current heterodimerization
technologies to create full-length human IgG bispecific anti-
bodies have only been reported for isotypes 1 and 2 (8–10, 12).
Further extension of bispecific antibodies to other antibody iso-
types as reported here will increase the diversity of bispecific
antibody approaches for clinical applications.

Here we report the adaptation of the previously developed
knobs-into-holes bispecific antibody platform to include
human IgG4 antibodies and have applied this approach to gen-
erate bispecific antibodies against the cytokines IL-4 and IL-13.
Given the overlapping and unique biologies of IL-4 and IL-13 as
well as the activities of anti-IL-13 antibodies in the treatment of
moderate to severe asthmatics, a bispecific antibody targeting
both IL-4 and IL-13 may be an improved therapy over anti-
IL-13 for the treatment of asthma. Our anti-IL-4/IL-13 bispe-
cific antibody is an extension of the anti-IL-13 antibody lebriki-
zumab, which showed efficacy in a Phase II study in moderate
to severe uncontrolled asthma. Because lebrikizumab is a
human IgG4 antibody, we used the knobs-into-holes bispecific
antibody platform to create a human IgG4 bispecific antibody
in order to match the isotype of our anti-IL-4/IL-13 bispecific
antibody to that of lebrikizumab. In addition to our anti-IL-4/
IL-13 bispecific antibody, a tetravalent “dual variable domain”
bispecific antibody that neutralizes IL-4 and IL-13 has been
developed and is currently under clinical investigation (2). In
contrast to the dual variable domain bispecific antibody format,
our bispecific antibody preserves the natural surface architec-
ture of an antibody and in addition allows the direct use of
preexisting antibodies.
One of the key differences between human IgG1 and IgG4

isotypes is the CH3 dimer interface, which affects the dimer
stability. Differences are driven by position 409. Our results
demonstrate that the knobs into holes mutations are compati-
ble with Arg-409 in the CH3 domain of IgG4, both in terms of
expression as half-antibodies and assembly into a bispecific
antibody.We could not detect any significant differences in the
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FIGURE 6. Serum anti-IL-4/IL-13 concentrations following administration
of a single intravenous or subcutaneous dose in cynomolgus monkeys.
We assessed the in vivo pharmacokinetics of the IgG4 and IgG1 anti-IL-4/IL-13
bispecific antibodies following single intravenous (IV) or subcutaneous (SC)
administration to cynomolgus monkeys. The mean � S.D. (n � 3/group)
serum concentration-time profiles following single administration of anti-
IL-4/IL-13 IgG4 at 10, 30, and 100 mg/kg intravenously and 10 mg/kg
subcutaneously (a) or anti-IL-4/IL-13 IgG1 at 10, 30, and 60 mg/kg intrave-
nously (b) to cynomolgus monkeys are shown. The limit of quantitation for
the ELISA was 0.078 �g/ml. All data above the limit of quantitation were
used, and all data below were excluded. S.D. (error bars) was not calculated
when n was �2.
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FIGURE 7. BAL and ELF concentration values of anti-IL-4/IL-13 IgG4, and
anti-IL-4/IL-13 IgG1 bispecific antibodies in cynomolgus monkeys. We
evaluated whether there were differences in the lung partitioning of IgG4
versus IgG1 anti-IL-4/IL-13 bispecific antibodies in a cynomolgus monkey
model of asthma. In this asthma model, cynomolgus monkeys that are sensi-
tized to A. suum are challenged with A. suum extract to elicit allergic inflam-
matory responses that mimic those of asthmatics exposed to allergens. Anti-
IL-4/IL-13 concentration data in the ELF were derived by correcting BAL fluid
concentration data for dilution inherent to the BAL fluid collection procedure.
The mean � S.D. (error bars) (n � 3– 4/group) BAL fluid concentrations and
ELF concentrations of anti-IL-4/IL-13 IgG4 and anti-IL-4/IL-13 IgG1 antibodies
following intravenous administration of 10 mg/kg on study days 1 and 8 and
a lung challenge with A. suum extract on study day 9 are shown. The limit of
quantitation for the ELISA for anti-IL-4/IL-13 was 0.078 �g/ml. All data below
the limit of quantitation were excluded; S.D. values were not calculated when
n was �2.
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assembly efficiency or in the quality of final antibody material
between the two different isotypes.
Although the expression of human antibodies of various iso-

types is well-established in mammalian cells, there have been
fewer attempts to express different human antibody isotypes in
E. coli, and the expression of full-length or half antibodies of
human IgG4 isotype in E. coli has not been reported previously
in the scientific literature. Here we demonstrate that human
IgG4 hemimers can be successfully expressed in large quanti-
ties in E. coli cells and assembled into bispecific antibodies as
readily as human IgG1 bispecific antibodies.
One of the hallmarks of the knobs-into-holes technology is

the retention of the biophysical properties of the monovalent
parental antibody in a final bispecific molecule. Both the IgG1
and IgG4 bispecific antibodies retained the target epitope and
binding properties of the parental Fab, including high affinity to
the IL-4 or IL-13 target cytokine, leading to high potency in in
vitro cellular assays.
Pharmacokinetic studies in cynomolgus monkeys demon-

strated slow clearance and similar terminal half-lives for both
IgG1 and IgG4 bispecific antibodies. In addition, both IgG1 and
IgG4 bispecific antibodies partitioned comparably from the
serum to the lung at levels that may enable the complete neu-
tralization of pathogenic IL-4 and IL-13 in the lung, which is
important for the treatment of asthma. Although the IgG4
bispecific antibody appeared to have a higher rate of anti-ther-
apeutic antibodies compared with the IgG1 bispecific antibody
in cynomolgus monkeys, given the small number of animals
used in our studies as well as the lack of a clear relationship
between the immunogenicity of humanized antibodies in
cynomolgus monkeys versus humans, we cannot make any
conclusions about the relative immunogenicity of our anti-
IL-4/IL-13 IgG4 and IgG1 bispecific antibodies in humans. It
should be noted, however, that aside from the complemen-
tarity-determining regions of the antibody Fabs, our bispe-
cific antibodies consist of fully human IgG1 and IgG4
sequences that should exhibit minimal immunogenicity in
humans. Thus, the bispecific antibodies that we have gener-
ated are good candidates for clinical development for the
treatment of asthma.
Antibodies of different human isotypes can have very differ-

ent in vitro and in vivo properties, resulting from differences in
binding to serum complement proteins and Fc� receptors on
immune effector cells (41). In particular, antibodies of human
IgG1 isotype effectively activate the complement system and
engage Fc� receptors to trigger antibody-dependent cellular
cytoxicity (ADCC), whereas antibodies of human IgG4 isotype
do not activate the complement system and have reduced
ADCC. Importantly, these properties of antibody effector func-
tion require antibody glycosylation that is generated during
expression in mammalian cells. Antibodies produced in bacte-
rial cells, such as E. coli, lack antibody effector function (33, 42)
regardless of isotype, due to a lack of antibody glycosylation.
Although the bispecific antibodies produced in this study are all
produced in E. coli and therefore lack glycosylation and Fc
effector function, efforts to produce these knobs-into-holes
bispecific antibodies in mammalian cells are in progress. This
approach provides further evidence that the knobs-into-holes

bispecific antibody platform may include fully glycosylated
human IgG1 and IgG4 antibody isotypes and may in turn pro-
vide a broad range of therapeutic bispecific antibodies with dif-
fering effector functions.
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