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BISPECIFIC ANTIBODY PLATFORM

Cross-Reference to Related Application

This application claims the benefit of priority to U.S. Provisional Appl. No. 62/269,664,
filed December 18, 2015, the contents of which are incorporated by reference in their entirety

herein.

Background

There 1s increasing interest 1n the use of bispecific antibodies as biologics drugs due, 1n
large part, to the potential of achieving novel mechanisms of action that cannot be achieved with
a combination of two conventional monospecific antibodies. Efficient methods for generating
bispecific antibodies are therefore sought after. Initial attempts to produce bispecific antibodies
as biologics drugs involved chemical conjugation of monospecific antibodies and fusion of mAb-
expressing cells, but low etficiency and the necessity of purification from abundant side products
are disadvantages of these strategies. Advanced methods 1n protein engineering and molecular
biology have enabled the generation of a variety of new bispecific antibody formats. However,
altered biochemical/biophysical properties, serum half-life, or stability of these engineered
bispecific antibody formats can be unfavorable. Thus, an efficient platform for the generation of

bispecific antibodies that might overcome some of these problems would be useful.

Summary

This application relates to an antibody platform technology that can convert any two
antibodies that bind to different epitopes into a bispecific antibody. This platform technology
involves, 1n part, Fc regions that are engineered in their CH3 domains by lysine repositioning to
drive heterodimerization of the two heavy chains of the bispecific antibody. In addition, this
technology 1nvolves a modification of one of the two Fab arms of the bispecific antibody so as to
prevent mispairing of light chains 1n the bispecific antibody. Specifically, the CHI and CL
domains of one of the Fab arms of the bispecific antibody are substituted with an IgE CH2
domain or an IgM CH2 domain. In some instances, the CH1 and CL domains of one of the Fab

arms of the bispecific antibody are substituted with a fragment of an Ig CH2 domain (or an IgM
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CH2 domain), wherein the fragment can still dimerize with the IgE CH2 domain (or the IgM
CH2 domain).

In one aspect, this disclosure provides an antibody or antigen-binding fragment thereof
that comprises a first heavy chain variable domain (first VH) and a first light chain variable
domain (first VL), wherein the first VH and the first VL pair to form a first variable region that
binds specifically to a first epitope of a first antigen. The first VH 1s either directly linked or
linked via a linker to a first polypeptide comprising an amino acid sequence that 1s at least 80%
1dentical to amino acids 9-107 of the amino acid sequence of the CH2 domain of human
immunoglobulin E (IgE) (SEQ ID NO:1). The first VL 1s either directly linked or linked via a
linker to a second polypeptide comprising an amino acid sequence that 1s at least 80% i1dentical
to amino acids 9-107 of the amino acid sequence of the CH2 domain of human IgE (SEQ ID
NO:1). The first polypeptide and the second polypeptide pair to form a dimer.

In certain embodiments of this aspect, the first polypeptide and/or the second polypeptide
1s directly linked to an Fc domain. In certain instances, the F¢c domain comprises a CH2 and CH3
domain of an IgG1 antibody. In certain instances, the Fc domain comprises a CH2 and CH3
domain of an IgG4 antibody. In certain instances, the Fc domain comprises a CH2 of an 1gG4
antibody and a CH3 domain of an IgG1 antibody. In some of all of these embodiments, the Fc
domain comprises a hinge region of an IgG4 antibody (e.g., IgG4P —1.e., IgG4 hinge region with
the S228P mutation). In some embodiments, the first polypeptide and/or the second polypeptide
comprise the amino acid sequence set forth in SEQ ID NO:1. In some embodiments, the first
polypeptide and/or the second polypeptide comprise an amino acid sequence that 1s at least 90%
1dentical to amino acids 9-107 of the amino acid sequence set forth in SEQ ID NO:1. In certain
embodiments, the first polypeptide and/or the second polypeptide comprise amino acids 9-107 of
the amino acid sequence set forth in SEQ ID NO:1. In some embodiments, the first polypeptide
comprises an amino acid sequence that 1s at least 80% 1dentical to the amino acid sequence set
forth in SEQ ID NO:5. In a specific embodiment, the first polypeptide comprises the amino acid
sequence set forth in SEQ ID NO:5. In some embodiments, the second polypeptide comprises an
amino acid sequence that 1s at least 80% 1dentical to the amino acid sequence set forth in SEQ ID
NO:6. In a specific embodiment, the second polypeptide comprises an amino acid sequence that
1s 1dentical to the amino acid sequence set forth in SEQ ID NO:6. In some embodiments, the

first polypeptide and/or the second polypeptide differ from the amino acid sequence set forth in
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amino acids 9-107 of SEQ ID NO:1 at twelve or fewer amino acid residues. In some
embodiments, the first polypeptide and/or the second polypeptide contain an amino acid other
than cysteine at at least one of the two cysteine residues of SEQ ID NO:1 that do not form an
intrachain disulfide bond. In certain embodiments, the first polypeptide and the second
polypeptide each contain a mutation of the N-linked glycosylation site 1n the IgE CH2 domain or
fragment thereof such that the N-linked glycosylation site 1s not glycosylated (e.g., the
asparagine and/or threonine residue 1s substituted with another amino acid). In certain
embodiments, the first polypeptide or the second polypeptide contain a mutation of the N-linked
glycosylation site in the Igk CH2 domain or fragment thereof such that the N-linked
glycosylation site 1s not glycosylated. In certain embodiments, the antibody or antigen-binding
fragment thereof comprises a second heavy chain variable domain (second VH) and a second
light chain variable domain (second VL), wherein the second VH and the second VL pair to form
a second variable region that binds specifically to a second epitope of the first antigen or to a
second antigen. In certain embodiments, the second VH 1s either (1) directly linked or (11) linked
via a linker to a CH1 domain and the second VL 1s either (1) directly linked or (11) linked via a
linker to a CL domain. In certain embodiments, the disclosure provides a polynucleotide or
polynucleotides encoding the antibody or antigen-binding fragment described above. In some
embodiments, expression vectors are provided comprising the polynucleotide or polynucleotides
described above. In other embodiments, host cells comprising the polynucleotide or
polynucleotides or the expression vectors are provided. In yet other embodiments, provided are
methods of making the antibody or antigen-binding fragment described above comprising
culturing the host cells described above under conditions that result in the expression of the
antibody or antigen-binding fragment described above and 1solating the antibody or antigen-
binding fragment from the cell culture. In certain embodiments, the 1solated antibody or antigen-
binding fragment 1s formulated as a sterile composition for administration to a human subject 1n
need thereof.

In a second aspect, the disclosure provides an antibody or antigen-binding fragment
thereof comprising a first VH and a first VL, wherein the first VH and the first VL pair to form a
first variable region that binds specifically to a first epitope of a first antigen. The first VH 1s
either (1) directly linked or (11) linked via a linker to a first polypeptide comprising an amino acid

sequence that 1s at least 80% 1dentical to amino acids 7-112 of the amino acid sequence of the
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CH2 domain of human immunoglobulin M (IgM) (SEQ ID NO:2). The first VL 1s either (1)
directly linked or (1) linked via a linker to a second polypeptide comprising an amino acid
sequence that 1s at least 80% 1dentical to amino acids 7-112 of the amino acid sequence of the
CH2 domain of human IgM (SEQ ID NO:2). The first polypeptide and the second polypeptide
pair to form a dimer.

In certain embodiments of this aspect, the first polypeptide and/or the second polypeptide
1s directly linked to an Fc domain. In certain instances, the Fc domain comprises a CH2 and CH3
domain of an IgG1 antibody. In certain instances, the Fc domain comprises a CH2 and CH3
domain of an IgG4 antibody. In certain instances, the Fc domain comprises a CH2 of an 1gG4
antibody and a CH3 domain of an IgG1 antibody. In some of all of these embodiments, the Fc
domain comprises a hinge region of an IgG4 antibody (e.g., IgG4P —1.e., IgG4 hinge region with
the S228P mutation). In some embodiments, the first polypeptide and/or the second polypeptide
comprise the amino acid sequence set forth in SEQ ID NO:2. In some embodiments, the first
polypeptide and/or the second polypeptide comprise an amino acid sequence that 1s at least 90%
1dentical to amino acids 7-112 of the amino acid sequence set forth in SEQ ID NO:2. In certain
embodiments, the first polypeptide and/or the second polypeptide comprise amino acids 7-112 of
the amino acid sequence set forth in SEQ ID NO:2. In some embodiments, the first polypeptide
and/or the second polypeptide differ from the amino acid sequence set forth in amino acids 7-112
of SEQ ID NO:2 at twelve or fewer amino acid residues. In some embodiments, the first
polypeptide and/or the second polypeptide contain an amino acid other than cysteine at the
cysteine residue of SEQ ID NO:2 that does not form an intrachain disulfide bond. In certain
embodiments, the first polypeptide and the second polypeptide each contain a mutation of the N-
linked glycosylation site 1n the IgM CH2 domain or fragment thereof such that the N-linked
glycosylation site 1s not glycosylated (e.g., the asparagine and/or serine residue 1s substituted
with another amino acid). In certain embodiments, the first polypeptide or the second
polypeptide contain a mutation of the N-linked glycosylation site in the IgM CH2 domain or
fragment thereof such that the N-linked glycosylation site 1s not glycosylated. In certain
embodiments, the antibody or antigen-binding fragment thereof comprises a second heavy chain
variable domain (second VH) and a second light chain variable domain (second VL), wherein the
second VH and the second VL pair to form a second variable region that binds specifically to a

second epitope of the first antigen or to a second antigen. In certain embodiments, the second VH
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1s etther (1) directly linked or (11) linked via a linker to a CH1 domain and the second VL 1s either
(1) directly linked or (11) linked via a linker to a CL domain. In certain embodiments, the
disclosure provides a polynucleotide or polynucleotides encoding the antibody or antigen-
binding fragment described above. In some embodiments, expression vectors are provided
comprising the polynucleotide or polynucleotides described above. In other embodiments, host
cells comprising the polynucleotide or polynucleotides or the expression vectors are provided. In
yet other embodiments, provided are methods of making the antibody or antigen-binding
fragment described above comprising culturing the host cells described above under conditions
that result 1n the expression of the antibody or antigen-binding fragment described above and
1solating the antibody or antigen-binding fragment from the cell culture. In certain
embodiments, the 1solated antibody or antigen-binding fragment 1s formulated as a sterile
composition for administration to a human subject 1n need thereof.

In another aspect, the disclosure provides a bispecific antibody that comprises a first
fragment antigen-binding (first Fab) comprising a first VH and a first VL, wherein the first VH
and the first VL pair to form a first variable region. The first VH 1s either (1) directly linked or
(1) linked via a linker to a first polypeptide comprising an amino acid sequence that 1s at least
80% 1dentical to amino acids 9-107 of the amino acid sequence of the CH2 domain of human
immunoglobulin E (IgE) (SEQ ID NO:1). The first VL 1s either (1) directly linked or (11) linked
via a linker to a second polypeptide comprising an amino acid sequence that 1s at least 80%
1dentical to amino acids 9-107 of the amino acid sequence of the CH2 domain of human IgE
(SEQ ID NO:1). The bispecific antibody further comprises a second Fab comprising a second
VH and a second VL, wherein the second VH and the second VL pair to form a second variable
region, and wherein the second VH 1s either (1) directly linked or (11) linked via a linker to a CH1
domain and the second VL 1s either (1) directly linked or (11) linked via a linker to a CL domain.
The first Fab and the second Fab specifically bind to different antigens or to different epitopes of
the same antigen and the first Fab 1s connected to the second Fab.

In some embodiments of this aspect, the first Fab 1s connected to the second Fab by a
linker. In certain embodiments, the first Fab 1s connected to the second Fab by a heterologous
polypeptide. In some embodiments, the heterologous polypeptide 1s human serum albumin. In
some embodiments, the heterologous polypeptide 1s an XTEN (e.g., AE144, AE288). In some
embodiments, the first Fab 1s connected to the second Fab by polyethylene glycol (PEG). In
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certain embodiments, the first polypeptide and/or the second polypeptide each comprise the
amino acid sequence set forth in SEQ ID NO:1. In some embodiments, the first polypeptide
and/or the second polypeptide comprise an amino acid sequence that 1s at least 90% i1dentical to
amino acids 9-107 of the amino acid sequence set forth in SEQ ID NO:1. In certain
embodiments, the first polypeptide and/or the second polypeptide comprise amino acids 9-107 of
the amino acid sequence set forth in SEQ ID NO:1. In some embodiments, the first polypeptide
comprises an amino acid sequence that 1s at least 80% 1dentical to the amino acid sequence set
forth in SEQ ID NO:5. In some embodiments, the first polypeptide comprises the amino acid
sequence set forth in SEQ ID NO:5. In certain embodiments, the second polypeptide comprises
an amino acid sequence that 1s at least 80% 1dentical to the amino acid sequence set forth in SEQ
ID NO:6. In some embodiments, the second polypeptide comprises the amino acid sequence set
forth in SEQ ID NO:6. In certain embodiments, the first polypeptide and/or the second
polypeptide differ from the amino acid sequence set forth in amino acids 9-107 of SEQ ID NO:1
at twelve amino acid residues or fewer. In other embodiments, the first polypeptide and/or the
second polypeptide contain an amino acid other than cysteine at at least one of the two cysteine
residues of SEQ ID NO:1 that can form an interchain disulfide bond. In certain embodiments, the
first polypeptide and/or the second polypeptide contain a mutation of the N-linked glycosylation
site 1n the IgE CH2 domain or fragment thereof such that the N-linked glycosylation site 1s not
glycosylated. For example, the asparagine and/or threonine of the IgE CH2 domain N-linked
glycosylation site may be substituted with another amino acid to prevent glycosylation of this
motif. In certain embodiments, the disclosure provides a polynucleotide or polynucleotides
encoding the bispecific antibody described above. In some embodiments, expression vectors are
provided comprising the bispecific antibody described above. In other embodiments, host cells
comprising the bispecific antibody or the expression vectors are provided. In yet other
embodiments, provided are methods of making the bispecific antibody comprising culturing the
host cells described above under conditions that result in the expression of the bispecific
antibody and 1solating the bispecific antibody from the cell culture. In certain embodiments, the
1solated bispecific antibody 1s formulated as a sterile composition for administration to a human
subject in need thereof.

In another aspect, this disclosure provides a bispecific antibody comprising a first

fragment antigen-binding (first Fab) comprising a first VH and a first VL, wherein the first VH
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and the first VL pair to form a first variable region. The first VH 1s either (1) directly linked or
(1) linked via a linker to a first polypeptide comprising an amino acid sequence that 1s at least
80% 1dentical to amino acids 7-112 of the amino acid sequence of the CH2 domain of human
immunoglobulin M (IgM) (SEQ ID NO:2). The first VL 1s either (1) directly linked or (11) linked
via a linker to a second polypeptide comprising an amino acid sequence that 1s at least 80%
1dentical to amino acids 7-112 of the amino acid sequence of the CH2 domain of human IgM
(SEQ ID NO:2). The bispecific antibody further comprises a second Fab comprising a second
VH and a second VL. The second VH and the second VL pair to form a second variable region,
and wherein the second VH 1s either (1) directly linked or (11) linked via a linker to a CH1 domain
and the second VL 1s either (1) directly linked or (11) linked via a linker to a CL domain. The first
Fab and the second Fab specifically bind to different antigens or to different epitopes of the same
antigen. The first Fab 1s connected to the second Fab.

In some embodiments of this aspect, the first Fab 1s connected to the second Fab by a
linker. In certain embodiments, the first Fab 1s connected to the second Fab by a heterologous
polypeptide. In some embodiments, the heterologous polypeptide 1s human serum albumin. In
some embodiments, the heterologous polypeptide 1s an XTEN (e.g., AE144, AE288). In some
embodiments, the first Fab 1s connected to the second Fab by polyethylene glycol (PEG). In
certain embodiments, the first polypeptide and/or the second polypeptide each comprise the
amino acid sequence set forth in SEQ ID NO:2. In some embodiments, the first polypeptide
and/or the second polypeptide comprise an amino acid sequence that 1s at least 90% i1dentical to
amino acids 7-112 of the amino acid sequence set forth in SEQ ID NO:2. In certain
embodiments, the first polypeptide and/or the second polypeptide comprise amino acids 7-112 of
the amino acid sequence set forth in SEQ ID NO:2. In certain embodiments, the first
polypeptide and/or the second polypeptide differ from the amino acid sequence set forth 1n
amino acids 7-112 of SEQ ID NO:2 at twelve amino acid residues or fewer. In other
embodiments, the first polypeptide and/or the second polypeptide contain an amino acid other
than cysteine at the cysteine residue of SEQ ID NO:2 that can form an interchain disulfide bond.
In certain embodiments, the first polypeptide and/or the second polypeptide contain a mutation
of the N-linked glycosylation site in the IgM CH2 domain or fragment thereof such that the N-
linked glycosylation site 1s not glycosylated. For example, the asparagine and/or serine of the

IeM CH2 domain N-linked glycosylation site may be substituted with another amino acid to
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prevent glycosylation of this motif. In certain embodiments, the disclosure provides a
polynucleotide or polynucleotides encoding the bispecific antibody described above. In some
embodiments, expression vectors are provided comprising the bispecific antibody described
above. In other embodiments, host cells comprising the bispecific antibody or the expression
vectors are provided. In yet other embodiments, provided are methods of making the bispecific
antibody comprising culturing the host cells described above under conditions that result in the
expression of the bispecific antibody and 1solating the bispecific antibody from the cell culture.
In certain embodiments, the 1solated bispecific antibody 1s formulated as a sterile composition
for administration to a human subject in need thereof.

In another aspect, this disclosure provides a tetravalent bispecific antibody that comprises
a whole IgG antibody that specifically binds to a first epitope of a first antigen, the whole IgG
antibody comprising a first CH3 domain and a second CH3 domain; and a first Fab and a second
Fab. The first Fab comprises a first heavy chain variable domain (first VH) and a first light
chain variable domain (first VL), wherein the first VH and the first VL pair to form a first
variable region that binds specifically to a second epitope of the first antigen or to a second
antigen. The second Fab comprises a second heavy chain variable domain (second VH) and a
second light chain variable domain (second VL), wherein the second VH and the second VL pair
to form a second variable region that binds specifically to the same epitope as the first Fab. The
first VH 1s either (1) directly linked or (11) linked via a linker to a first polypeptide comprising an
amino acid sequence that 1s at least 80% 1dentical to amino acids 9-107 of the amino acid
sequence of the CH2 domain of human immunoglobulin E (IgE) (SEQ ID NO:1). The first VL 1s
either (1) directly linked or (11) linked via a linker to a second polypeptide comprising an amino
acid sequence that 1s at least 80% 1dentical to amino acids 9-107 of the amino acid sequence of
the CH2 domain of human IgE (SEQ ID NO:1). The second VH 1s either (1) directly linked or
(1) linked via a linker to a third polypeptide comprising an amino acid sequence that 1s at least
80% 1dentical to amino acids 9-107 of the amino acid sequence of the CH2 domain of human
IgE (SEQ ID NO:1). The second VL 1s either (1) directly linked or (11) linked via a linker to a
fourth polypeptide comprising an amino acid sequence that 1s at least 80% 1dentical to amino
acids 9-107 of the amino acid sequence of the CH2 domain of human IgE (SEQ ID NO:1). The
first Fab 1s connected to the C-terminus of the first CH3 domain of the whole IgG antibody and
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the second Fab 1s connected to the C-terminus of the second CH3 domain of the whole IgG
antibody.

In some embodiments of this aspect, the first Fab 1s connected to the C-terminus of the
first CH3 domain of the whole antibody through a first linker and the second Fab 1s connected to
the C-terminus of the second CH3 domain of the whole antibody through a second linker. In
certain embodiments, the first linker links the C-terminus of the first CH3 domain of the whole
antibody and the N-terminus of the first VH. In certain embodiments, the first linker links the C-
terminus of the first CH3 domain of the whole antibody and the N-terminus of the first VL. In
certain embodiments, the first linker links the C-terminus of the first CH3 domain of the whole
antibody and the N-terminus of the first polypeptide. In certain embodiments, the first linker
links the C-terminus of the first CH3 domain of the whole antibody and the N-terminus of the
second polypeptide. In certain embodiments, the second linker links the C-terminus of the first
CH3 domain of the whole antibody and the N-terminus of the second VH. In certain
embodiments, the second linker links the C-terminus of the first CH3 domain of the whole
antibody and the N-terminus of the second VL. In certain embodiments, the second linker links
the C-terminus of the first CH3 domain of the whole antibody and the N-terminus of the third
polypeptide. In certain embodiments, the second linker links the C-terminus of the first CH3
domain of the whole antibody and the N-terminus of the fourth polypeptide. In certain
embodiments, the first and second linkers are peptide linkers. In some embodiments, the first
polypeptide, the second polypeptide, the third polypeptide, and/or the fourth polypeptide
comprise the amino acid sequence set forth in SEQ ID NO:1. In certain embodiments, the first
polypeptide, the second polypeptide, the third polypeptide, and/or the fourth polypeptide
comprise an amino acid sequence that 1s at least 90% 1dentical to amino acids 9-107 of the amino
acid sequence set forth in SEQ ID NO:1. In some embodiments, the first polypeptide, the second
polypeptide, the third polypeptide, and/or the fourth polypeptide comprise amino acids 9-107 of
the amino acid sequence set forth in SEQ ID NO:1. In some embodiments, the first polypeptide
and the third polypeptide each comprise an amino acid sequence that 1s at least 80% 1dentical to
the amino acid sequence set forth in SEQ ID NO:5. In certain embodiments, the first
polypeptide and the third polypeptide each comprise the amino acid sequence set forth in SEQ
ID NO:5. In certain embodiments, the second polypeptide and the fourth polypeptide each

comprise an amino acid sequence that 1s at least 80% 1dentical to the amino acid sequence set
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forth in SEQ ID NO:6. In some embodiments, the second polypeptide and the fourth
polypeptide each comprise the amino acid sequence set forth in SEQ ID NO:6. In certain
embodiments, the first polypeptide, the second polypeptide, the third polypeptide and/or the
fourth polypeptide differ from the amino acid sequence set forth in amino acids 9-107 of SEQ ID
NO:1 at at least twelve amino acid residues. In certain embodiments, the disclosure provides a
polynucleotide or polynucleotides encoding the bispecific antibody described above. In some
embodiments, expression vectors are provided comprising the bispecific antibody described
above. In other embodiments, host cells comprising the bispecific antibody or the expression
vectors are provided. In yet other embodiments, provided are methods of making the bispecific
antibody comprising culturing the host cells described above under conditions that result in the
expression of the bispecific antibody and 1solating the bispecific antibody from the cell culture.
In certain embodiments, the 1solated bispecific antibody 1s formulated as a sterile composition
for administration to a human subject in need thereof.

In another aspect, this disclosure provides a tetravalent bispecific antibody comprising a
whole IgG antibody that specifically binds to a first epitope of a first antigen, the whole IgG
antibody comprising a first CH3 domain and a second CH3 domain; and a first Fab and a second
Fab. The first Fab comprises a first heavy chain variable domain (first VH) and a first light
chain variable domain (first VL), wherein the first VH and the first VL pair to form a first
variable region that binds specifically to a second epitope of the first antigen or to a second
antigen. The second Fab comprises a second heavy chain variable domain (second VH) and a
second light chain variable domain (second VL), wherein the second VH and the second VL pair
to form a second variable region that binds specifically to the same epitope as the first Fab. The
first VH 1s either (1) directly linked or (11) linked via a linker to a first polypeptide comprising an
amino acid sequence that 1s at least 80% 1dentical to amino acids 7-112 of the amino acid
sequence of the CH2 domain of human immunoglobulin M (IgM) (SEQ ID NO:2). The first VL
1s either (1) directly linked or (1) linked via a linker to a second polypeptide comprising an amino
acid sequence that 1s at least 80% 1dentical to amino acids 7-112 of the amino acid sequence of
the CH2 domain of human IgM (SEQ ID NO:2). The second VH 1s either (1) directly linked or
(1) linked via a linker to a third polypeptide comprising an amino acid sequence that 1s at least

80% 1dentical to amino acids 7-112 of the amino acid sequence of the CH2 domain of human

IeM (SEQ ID NO:2). The second VL is either (1) directly linked or (11) linked via a linker to a
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fourth polypeptide comprising an amino acid sequence that 1s at least 80% 1dentical to amino
acids 7-112 of the amino acid sequence of the CH2 domain of human IgM (SEQ ID NO:2). The
first Fab 1s connected to the C-terminus of the first CH3 domain of the whole IgG antibody and
the second Fab 1s connected to the C-terminus of the second CH3 domain of the whole IgG
antibody.

In some embodiments of this aspect, the first Fab 1s connected to the C-terminus of the
first CH3 domain of the whole antibody through a first linker and the second Fab 1s connected to
the C-terminus of the second CH3 domain of the whole antibody through a second linker. In
certain embodiments, the first linker links the C-terminus of the first CH3 domain of the whole
antibody and the N-terminus of the first VH. In certain embodiments, the first linker links the C-
terminus of the first CH3 domain of the whole antibody and the N-terminus of the first VL. In
certain embodiments, the first linker links the C-terminus of the first CH3 domain of the whole
antibody and the N-terminus of the first polypeptide. In certain embodiments, the first linker
links the C-terminus of the first CH3 domain of the whole antibody and the N-terminus of the
second polypeptide. In certain embodiments, the second linker links the C-terminus of the first
CH3 domain of the whole antibody and the N-terminus of the second VH. In certain
embodiments, the second linker links the C-terminus of the first CH3 domain of the whole
antibody and the N-terminus of the second VL. In certain embodiments, the second linker links
the C-terminus of the first CH3 domain of the whole antibody and the N-terminus of the third
polypeptide. In certain embodiments, the second linker links the C-terminus of the first CH3
domain of the whole antibody and the N-terminus of the fourth polypeptide. In certain
embodiments, the first and second linkers are peptide linkers. In some embodiments, the first
polypeptide, the second polypeptide, the third polypeptide, and/or the fourth polypeptide
comprise the amino acid sequence set forth in SEQ ID NO:2. In certain embodiments, the first
polypeptide, the second polypeptide, the third polypeptide, and/or the fourth polypeptide
comprise an amino acid sequence that 1s at least 90% 1dentical to amino acids 7-112 of the amino
acid sequence set forth in SEQ ID NO:2. In some embodiments, the first polypeptide, the second
polypeptide, the third polypeptide, and/or the fourth polypeptide comprise amino acids 7-112 of
the amino acid sequence set forth in SEQ ID NO:2. In certain embodiments, the first
polypeptide, the second polypeptide, the third polypeptide and/or the fourth polypeptide difter

from the amino acid sequence set forth in amino acids 7-112 of SEQ ID NO:2 at at least twelve
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amino acid residues. In certain embodiments, the disclosure provides a polynucleotide or
polynucleotides encoding the bispecific antibody described above. In some embodiments,
expression vectors are provided comprising the bispecific antibody described above. In other
embodiments, host cells comprising the bispecific antibody or the expression vectors are
provided. In yet other embodiments, provided are methods of making the bispecific antibody
comprising culturing the host cells described above under conditions that result in the expression
of the bispecific antibody and 1solating the bispecific antibody from the cell culture. In certain
embodiments, the 1solated bispecific antibody 1s formulated as a sterile composition for
administration to a human subject in need thereof.

In another aspect, the disclosure relates to a tetravalent bispecific antibody comprising a
first Fab and a second Fab, wherein the first Fab comprises a first heavy chain variable domain
(first VH) and a first light chain variable domain (first VL), wherein the first VH and the first VL
pair to form a first variable region that binds specifically to a first epitope of a first antigen, and
wherein the second Fab comprises a second heavy chain variable domain (second VH) and a
second light chain variable domain (second VL), wherein the second VH and the second VL pair
to form a second variable region that binds specifically to the first epitope of the first antigen.
The tetravalent bispecific antibody also comprises a whole antibody comprising a first heavy
chain comprising a first IgG CH2 domain and a first IgG CH3 domain, a second heavy chain
comprising a second IgG CH2 domain and a second IgG CH3 domain, a first light chain, and a
second light chain, wherein the antibody comprises a third VH and third VL and a fourth VH and
a fourth VL, wherein the third VH and the third VL pair to form a third variable region that binds
specifically to an epitope of a second antigen, and wherein the fourth VH and the fourth VL pair
to form a fourth variable region that binds specifically to the same epitope of the second antigen.
The third VH 1s either (1) directly linked or (11) linked via a linker to a first polypeptide
comprising an amino acid sequence that 1s at least 80% 1dentical to amino acids 9-107 of the
amino acid sequence of the CH2 domain of human immunoglobulin E (IgE) (SEQ ID NO:1).
The third VL 1s either (1) directly linked or (11) linked via a linker to a second polypeptide
comprising an amino acid sequence that 1s at least 80% 1dentical to amino acids 9-107 of the
amino acid sequence of the CH2 domain of human IgE (SEQ ID NO:1). The fourth VH 1s either
(1) directly linked or (11) linked via a linker to a third polypeptide comprising an amino acid

sequence that 1s at least 80% 1dentical to amino acids 9-107 of the amino acid sequence of the
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CH2 domain of human IgE (SEQ ID NO:1). The fourth VL 1s either (1) directly linked or (i1)
linked via a linker to a fourth polypeptide comprising an amino acid sequence that 1s at least 80%
1dentical to amino acids 9-107 of the amino acid sequence of the CH2 domain of human IgE
(SEQ ID NO:1). The first polypeptide 1s connected to the N-terminus of the first IgG CH2
domain and the third polypeptide 1s connected to the N-terminus of the second IgG CH2 domain.
The first Fab 1s connected to the C-terminus of the first IgG CH3 domain and the second Fab 1s
connected to the C-terminus of the second IgG CH3 domain.

In some embodiments of this aspect, the first Fab 1s connected to the C-terminus of the
first CH3 domain of the whole antibody through a first linker and the second Fab 1s connected to
the C-terminus of the second CH3 domain of the whole antibody through a second linker. In
certain embodiments, the first and second linkers are peptide linkers. In some embodiments, the
first polypeptide, the second polypeptide, the third polypeptide, and/or the fourth polypeptide
comprise the amino acid sequence set forth in SEQ ID NO:1. In certain embodiments, the first
polypeptide, the second polypeptide, the third polypeptide, and/or the fourth polypeptide
comprise an amino acid sequence that 1s at least 90% 1dentical to amino acids 9-107 of the amino
acid sequence set forth in SEQ ID NO:1. In some embodiments, the first polypeptide, the second
polypeptide, the third polypeptide, and/or the fourth polypeptide comprise amino acids 9-107 of
the amino acid sequence set forth in SEQ ID NO:1. In some embodiments, the first polypeptide
and the third polypeptide each comprise an amino acid sequence that 1s at least 80% 1dentical to
the amino acid sequence set forth in SEQ ID NO:5. In certain embodiments, the first
polypeptide and the third polypeptide each comprise the amino acid sequence set forth in SEQ
ID NO:5. In certain embodiments, the second polypeptide and the fourth polypeptide each
comprise an amino acid sequence that 1s at least 80% 1dentical to the amino acid sequence set
forth in SEQ ID NO:6. In some embodiments, the second polypeptide and the fourth
polypeptide each comprise the amino acid sequence set forth in SEQ ID NO:6. In certain
embodiments, the first polypeptide, the second polypeptide, the third polypeptide and/or the
fourth polypeptide differ from the amino acid sequence set forth in amino acids 9-107 of SEQ ID
NO:1 at at least twelve amino acid residues. In certain embodiments, the disclosure provides a
polynucleotide or polynucleotides encoding the bispecific antibody described above. In some
embodiments, expression vectors are provided comprising the bispecific antibody described

above. In other embodiments, host cells comprising the bispecific antibody or the expression
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vectors are provided. In yet other embodiments, provided are methods of making the bispecific
antibody comprising culturing the host cells described above under conditions that result in the
expression of the bispecific antibody and 1solating the bispecific antibody from the cell culture.
In certain embodiments, the 1solated bispecific antibody 1s formulated as a sterile composition
for administration to a human subject in need thereof.

In another aspect, the disclosure relates to a tetravalent bispecific antibody comprising a
first Fab and a second Fab, wherein the first Fab comprises a first heavy chain variable domain
(first VH) and a first light chain variable domain (first VL), wherein the first VH and the first VL
pair to form a first variable region that binds specifically to a first epitope of a first antigen, and
wherein the second Fab comprises a second heavy chain variable domain (second VH) and a
second light chain variable domain (second VL), wherein the second VH and the second VL pair
to form a second variable region that binds specifically to the first epitope of the first antigen.
The tetravalent bispecific antibody also comprises a whole antibody comprising a first heavy
chain comprising a first IgG CH2 domain and a first IgG CH3 domain, a second heavy chain
comprising a second IgG CH2 domain and a second IgG CH3 domain, a first light chain, and a
second light chain, wherein the antibody comprises a third VH and third VL and a fourth VH and
a fourth VL, wherein the third VH and the third VL pair to form a third variable region that binds
specifically to an epitope of a second antigen, and wherein the fourth VH and the fourth VL pair
to form a fourth variable region that binds specifically to the same epitope of the second antigen.
The third VH 1s either (1) directly linked or (1) linked via a linker to a first polypeptide
comprising an amino acid sequence that 1s at least 80% 1dentical to amino acids 7-112 of the
amino acid sequence of the CH2 domain of human immunoglobulin M (IgM) (SEQ ID NO:2).
The third VL 1s either (1) directly linked or (11) linked via a linker to a second polypeptide
comprising an amino acid sequence that 1s at least 80% 1dentical to amino acids 7-112 of the
amino acid sequence of the CH2 domain of human IgM (SEQ ID NO:2). The fourth VH 1s either
(1) directly linked or (11) linked via a linker to a third polypeptide comprising an amino acid
sequence that 1s at least 80% 1dentical to amino acids 7-112 of the amino acid sequence of the
CH2 domain of human IgM (SEQ ID NO:2). The fourth VL 1s either (1) directly linked or (i1)
linked via a linker to a fourth polypeptide comprising an amino acid sequence that 1s at least 80%

1dentical to amino acids 7-112 of the amino acid sequence of the CH2 domain of human IgM

(SEQ ID NO:2). The first polypeptide 1s connected to the N-terminus of the first IgG CH2
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domain and the third polypeptide 1s connected to the N-terminus of the second IgG CH2 domain.
The first Fab 1s connected to the C-terminus of the first IgG CH3 domain and the second Fab 1s
connected to the C-terminus of the second IgG CH3 domain.

In some embodiments of this aspect, the first Fab 1s connected to the C-terminus of the
first CH3 domain of the whole antibody through a first linker and the second Fab 1s connected to
the C-terminus of the second CH3 domain of the whole antibody through a second linker. In
certain embodiments, the first and second linkers are peptide linkers. In some embodiments, the
first polypeptide, the second polypeptide, the third polypeptide, and/or the fourth polypeptide
comprise the amino acid sequence set forth in SEQ ID NO:2. In certain embodiments, the first
polypeptide, the second polypeptide, the third polypeptide, and/or the fourth polypeptide
comprise an amino acid sequence that 1s at least 90% 1dentical to amino acids 7-112 of the amino
acid sequence set forth in SEQ ID NO:2. In some embodiments, the first polypeptide, the second
polypeptide, the third polypeptide, and/or the fourth polypeptide comprise amino acids 7-112 of
the amino acid sequence set forth in SEQ ID NO:2. In certain embodiments, the first
polypeptide, the second polypeptide, the third polypeptide and/or the fourth polypeptide differ
from the amino acid sequence set forth in amino acids 7-112 of SEQ ID NO:2 at at least twelve
amino acid residues. In certain embodiments, the disclosure provides a polynucleotide or
polynucleotides encoding the bispecific antibody described above. In some embodiments,
expression vectors are provided comprising the bispecific antibody described above. In other
embodiments, host cells comprising the bispecific antibody or the expression vectors are
provided. In yet other embodiments, provided are methods of making the bispecific antibody
comprising culturing the host cells described above under conditions that result in the expression
of the bispecific antibody and 1solating the bispecific antibody from the cell culture. In certain
embodiments, the 1solated bispecific antibody 1s formulated as a sterile composition for
administration to a human subject in need thereof.

In yet another aspect, the disclosure provides a heterodimerization module comprising a
first IgG1 CH3 domain having an amino acid sequence that 1s at least 80% 1dentical to the
sequence set forth in SEQ ID NO:11, wherein the amino acids at positions 364 and 370 are
lysines and the amino acid at position 409 1s a serine; and a second IgG1 CH3 domain having an
amino acid sequence that 1s at least 80% 1dentical to the sequence set forth in SEQ ID NO:11,

wherein the amino acid at position 370 1s a serine and the amino acids at positions 405 and 409
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are lysines. The amino acid positions are based on the EU numbering system. The first IgG1
CH3 domain and the second IgGG1 CH3 pair to form a heterodimer.

In certain embodiments of this aspect, the heterodimerization module includes a first
IgG1 CH2 domain and a second IgG1 CH2 domain, wherein the first IgG1 CH2 domain 1s either
(1) directly linked or (1) linked via a linker to the N-terminus of the first [gG1 CH3 domain and
the second IgGG1 CH2 domain 1s either (1) directly linked or (11) linked via a linker to the N-
terminus of the second IgG1 CH3 domain.

In some embodiments, the heterodimerization module includes a first Fab comprising two
polypeptide chains, wherein the C-terminus of one of the two polypeptide chains of the Fab 1s
linked to the N-terminus of a first hinge region, and wherein the first hinge region 1s linked to the
N-terminus of the first IgG1 CH2 domain.

In other embodiments, the heterodimerization module comprises a linker that links the C-
terminus of the first IgG1 CH3 domain to the N-terminus of a second hinge region that 1s linked
to the N-terminus of the second IgG1 CH2 domain. In certain embodiments, the
heterodimerization module includes a second Fab linked via a second hinge region to the N-
terminus of the second IgG1 CH2 domain.

In certain embodiments, the heterodimerization module comprises a VH domain, a CHI1
domain, a VL domain, and a CL domain. The C-terminus of the VH domain 1s linked to the N-
terminus of the CH1 domain, the C-terminus of the CH1 domain 1s linked to the N-terminus of a
first hinge region, and the C-terminus of the first hinge region 1s linked to the N-terminus of the
first IgG1 CH2 domain that 1s directly linked to the first IgG1 CH3 domain. The C-terminus of
the VL domain 1s linked to the N-terminus of the CL domain, the C-terminus of the CL domain
1s linked to the N-terminus of a second hinge region, and the C-terminus of the second hinge
region 1S linked to the N-terminus of the second IgGGl CH2 domain that 1s directly linked to the
second IgG1 CH3 domain. The VH domain and the VL domain pair to form a variable region
that binds specifically to an antigen.

In certain embodiments, the heterodimerization module comprises a first VH and a first
VL and a second VH and a second VL. The first VH and the first VL pair to form a first variable
region that binds specifically to a first antigen. The second VH and the second VL pair to form a

second variable region that binds specifically to a different epitope of the first antigen or to a
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second antigen. In some 1nstances, the amino acid sequence of the first VL 1s 1dentical to the
amino acid sequence of the second VL.

In certain embodiments, the heterodimerization module comprises a first IgG4 CH2
domain and a second IgG4 CH2 domain, wherein the first IgG4 CH2 domain 1s either (1) directly
linked or (11) linked via a linker to the N-terminus of the first IgG1 CH3 domain and the second
IgG4 CH2 domain 1s either (1) directly linked or (11) linked via a linker to the N-terminus of the
second IgG1 CH3 domain. In some instances, the heterodimerization module includes a first Fab
comprising two polypeptide chains, wherein the C-terminus of one of the two polypeptide chains
of the Fab 1s linked to the N-terminus of a first IgG4 hinge region, and wherein the first IgG4
hinge region 1s linked to the N-terminus of the first [gG4 CH2 domain. In some instances, the
first IgG4 hinge region comprises the S228P mutation (EU numbering). In some instances, the
heterodimerization module includes a linker that links the C-terminus of the first IgG1 CH3
domain to the N-terminus of a second Ig(G4 hinge region that 1s linked to the N-terminus of the
second IgG4 CH2 domain. In certain instances, the second IgG4 hinge region comprises the
S228P mutation (EU numbering). In some instances, the heterodimerization module includes a
second Fab linked via a second IgG4 hinge region to the N-terminus of the second IgG4 CH2
domain. In certain instances, the second IgG4 hinge region comprises the S228P mutation (EU
numbering).

In some embodiments, the heterodimerization module comprises a VH domain, a CHI1
domain, a VL domain, and a CL domain. The C-terminus of the VH domain 1s linked to the N-
terminus of the CH1 domain, the C-terminus of the CH1 domain 1s linked to the N-terminus of a
first IgG4 hinge region, and the C-terminus of the first IgG4 hinge region 1s linked to the N-
terminus of the first IlgG4 CH2 domain that 1s directly linked to the first IgG1 CH3 domain. The
C-terminus of the VL domain 1s linked to the N-terminus of the CL domain, the C-terminus of
the CL domain 1s linked to the N-terminus of a second IgG4 hinge region, and the C-terminus of
the second Ig(G4 hinge region 1s linked to the N-terminus of the second IgG4 CH2 domain that 1s
directly linked to the second IgG1 CH3 domain. The VH domain and the VL domain pair to
form a variable region that binds specifically to an antigen. In some instances, the first IgG4
hinge region and the second IgG4 hinge region each comprise the S228P mutation (EU

numbering).
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In some embodiments, the heterodimerization module comprises a first VH and a first VL
and a second VH and a second VL. The first VH and the first VL pair to form a first variable
region that binds specifically to a first antigen. The second VH and the second VL pair to form a
second variable region that binds specifically to a different epitope of the first antigen or to a
second antigen. In some i1nstances, the amino acid sequence of the first VL 1s 1dentical to the
amino acid sequence of the second VL.

In certain embodiments, the disclosure features a polynucleotide or polynucleotides that
encode the above-described heterodimerization module. In some 1nstances, an expression vector
or expression vectors comprising the polynucleotide or polynucleotides are featured. In other
1instances, host cells are provided that comprise the polynucleotide or polynucleotides or
expression vector or vectors. In some instances, methods of producing the heterodimerization
module are encompassed. The methods involve culturing the host cells under conditions that
result 1n expression of the heterodimerization module and 1solation thereof.

In another aspect, the disclosure relates to a heterodimerization module comprising a first
IgG1 CH3 domain having an amino acid sequence that 1s at least 80% 1dentical to the sequence
set forth in SEQ ID NO:11, wherein the amino acids at positions 364 and 370 are lysines and the
amino acid at position 409 1s a leucine; and a second IgG1 CH3 domain having an amino acid
sequence that 1s at least 80% 1dentical to the sequence set forth in SEQ ID NO:11, wherein the
amino acid at position 370 1s a serine, the amino acid at position 397 1s an 1soleucine, and the
amino acids at positions 405 and 409 are lysines. The amino acid positions are based on the EU
numbering system. The first IgG1 CH3 domain and the second IgGG1 CH3 pair to form a
heterodimer.

In certain embodiments of this aspect, the heterodimerization module includes a first
IgG1 CH2 domain and a second IgG1 CH2 domain, wherein the first IgG1 CH2 domain 1s either
(1) directly linked or (11) linked via a linker to the N-terminus of the first [gG1 CH3 domain and
the second IgG1 CH2 domain 1s either (1) directly linked or (11) linked via a linker to the N-
terminus of the second IgG1 CH3 domain.

In some embodiments, the heterodimerization module includes a first Fab comprising two
polypeptide chains, wherein the C-terminus of one of the two polypeptide chains of the Fab 1s
linked to the N-terminus of a first hinge region, and wherein the first hinge region 1s linked to the

N-terminus of the first IlgG1 CH2 domain.
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In other embodiments, the heterodimerization module comprises a linker that links the C-
terminus of the first IgG1 CH3 domain to the N-terminus of a second hinge region that 1s linked
to the N-terminus of the second IgG1 CH2 domain. In certain embodiments, the
heterodimerization module includes a second Fab linked via a second hinge region to the N-
terminus of the second IgG1 CH2 domain.

In certain embodiments, the heterodimerization module comprises a VH domain, a CHI1
domain, a VL domain, and a CL domain. The C-terminus of the VH domain 1s linked to the N-
terminus of the CH1 domain, the C-terminus of the CH1 domain 1s linked to the N-terminus of a
first hinge region, and the C-terminus of the first hinge region 1s linked to the N-terminus of the
first IgG1 CH2 domain that 1s directly linked to the first IgG1 CH3 domain. The C-terminus of
the VL domain 1s linked to the N-terminus of the CL domain, the C-terminus of the CL domain
1s linked to the N-terminus of a second hinge region, and the C-terminus of the second hinge
region 1s linked to the N-terminus of the second IgG1 CH2 domain that 1s directly linked to the
second IgG1 CH3 domain. The VH domain and the VL domain pair to form a variable region
that binds specifically to an antigen.

In certain embodiments, the heterodimerization module comprises a first VH and a first
VL and a second VH and a second VL. The first VH and the first VL pair to form a first variable
region that binds specifically to a first antigen. The second VH and the second VL pair to form a
second variable region that binds specifically to a different epitope of the first antigen or to a
second antigen. In some 1nstances, the amino acid sequence of the first VL 1s 1dentical to the
amino acid sequence of the second VL.

In certain embodiments, the heterodimerization module comprises a first IgG4 CH2
domain and a second IgG4 CH2 domain, wherein the first IgG4 CH2 domain 1s either (1) directly
linked or (11) linked via a linker to the N-terminus of the first I[gG1 CH3 domain and the second
IgG4 CH2 domain 1s either (1) directly linked or (11) linked via a linker to the N-terminus of the
second IgG1 CH3 domain. In some instances, the heterodimerization module includes a first Fab
comprising two polypeptide chains, wherein the C-terminus of one of the two polypeptide chains
of the Fab 1s linked to the N-terminus of a first IgG4 hinge region, and wherein the first IgG4
hinge region 1s linked to the N-terminus of the first IgG4 CH2 domain. In some instances, the
first IgG4 hinge region comprises the S228P mutation (EU numbering). In some instances, the

heterodimerization module includes a linker that links the C-terminus of the first IgG1 CH3
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domain to the N-terminus of a second Ig(G4 hinge region that 1s linked to the N-terminus of the
second IgG4 CH2 domain. In certain instances, the second Ig(G4 hinge region comprises the
S228P mutation (EU numbering). In some instances, the heterodimerization module includes a
second Fab linked via a second IgG4 hinge region to the N-terminus of the second IgG4 CH2
domain. In certain instances, the second IgG4 hinge region comprises the S228P mutation (EU
numbering).

In some embodiments, the heterodimerization module comprises a VH domain, a CHI1
domain, a VL domain, and a CLL domain. The C-terminus of the VH domain 1s linked to the N-
terminus of the CH1 domain, the C-terminus of the CH1 domain 1s linked to the N-terminus of a
first IgG4 hinge region, and the C-terminus of the first IgG4 hinge region 1s linked to the N-
terminus of the first IgG4 CH2 domain that 1s directly linked to the first IgG1 CH3 domain. The
C-terminus of the VL domain 1s linked to the N-terminus of the CL domain, the C-terminus of
the CL domain 1s linked to the N-terminus of a second Ig(G4 hinge region, and the C-terminus of
the second Ig(G4 hinge region 1s linked to the N-terminus of the second IgG4 CH2 domain that 1s
directly linked to the second IgG1 CH3 domain. The VH domain and the VL. domain pair to
form a variable region that binds specifically to an antigen. In some instances, the first IgG4
hinge region and the second Ig(G4 hinge region each comprise the S228P mutation (EU
numbering).

In some embodiments, the heterodimerization module comprises a first VH and a first VL
and a second VH and a second VL. The first VH and the first VL pair to form a first variable
region that binds specifically to a first antigen. The second VH and the second VL pair to form a
second variable region that binds specifically to a different epitope of the first antigen or to a
second antigen. In some instances, the amino acid sequence of the first VL 1s 1dentical to the
amino acid sequence of the second VL.

In certain embodiments, the disclosure features a polynucleotide or polynucleotides that
encode the above-described heterodimerization module. In some instances, an expression vector
or expression vectors comprising the polynucleotide or polynucleotides are featured. In other
instances, host cells are provided that comprise the polynucleotide or polynucleotides or
expression vector or vectors. In some instances, methods of producing the heterodimerization
module are encompassed. The methods involve culturing the host cells under conditions that

result 1n expression of the heterodimerization module and 1solation thereof.
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In another aspect, the disclosure provides a bispecific antibody that includes a first VH
and a first VL, wherein the first VH and the first VL pair to form a first variable region that binds
specifically to a first epitope of a first antigen. The first VH 1s either (1) directly linked or (11)
linked via a linker to a first polypeptide comprising an amino acid sequence that 1s at least 80%
1dentical to amino acids 9-107 of the amino acid sequence of the CH2 domain of human
immunoglobulin E (IgE) (SEQ ID NO:1). The first VL 1s either (1) directly linked or (11) linked
via a linker to a second polypeptide comprising an amino acid sequence that 1s at least 80%
1dentical to amino acids 9-107 of the amino acid sequence of the CH2 domain of human IgE
(SEQ ID NO:1). The first polypeptide and the second polypeptide pair to form a dimer. The
bispecific antibody also includes a second VH and a second VL, wherein the second VH and the
second VL pair to form a second variable region that binds specifically to a second epitope of the
first antigen or to a second antigen. The second VH 1s either (1) directly linked or (11) linked via a
linker to a CH1 domain. The second VL 1s either (1) directly linked or (11) linked via a linker to a
CL domain. The CH1 domain and the CL domain pair to form a dimer. The bispecific antibody
also includes a heterodimerization module comprising a first IgG1 CH3 domain having an amino
acid sequence that 1s at least 80% 1dentical to the sequence set forth in SEQ ID NO:11, wherein
the amino acids at positions 364 and 370 are lysines and the amino acid at position 409 1s a
serine. The heterodimerization module also includes a second IgG1 CH3 domain having an
am1no acid sequence that 1s at least 80% 1dentical to the sequence set forth in SEQ ID NO:11,
wherein the amino acid at position 370 1s a serine and the amino acids at positions 405 and 409
are lysines. The amino acid positions above are all based on the EU numbering system. (It 1s
important to note that the IgE CH2 domain can be part of the polypeptide comprising the first
IgG1 CH3 domain or the second IgGl CH3 domain.)

In another aspect, the disclosure provides a bispecific antibody that includes a first VH
and a first VL, wherein the first VH and the first VL pair to form a first variable region that binds
specifically to a first epitope of a first antigen. The first VH 1s either (1) directly linked or (i1)
linked via a linker to a first polypeptide comprising an amino acid sequence that 1s at least 80%
1dentical to amino acids 9-107 of the amino acid sequence of the CH2 domain of human
immunoglobulin E (IgE) (SEQ ID NO:1). The first VL 1s either (1) directly linked or (11) linked
via a linker to a second polypeptide comprising an amino acid sequence that 1s at least 80%

1dentical to amino acids 9-107 of the amino acid sequence of the CH2 domain of human IgE
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(SEQ ID NO:1). The first polypeptide and the second polypeptide pair to form a dimer. The
bispecific antibody also includes a second VH and a second VL, wherein the second VH and the
second VL pair to form a second variable region that binds specifically to a second epitope of the
first antigen or to a second antigen. The second VH 1s either (1) directly linked or (11) linked via a
linker to a CH1 domain. The second VL 1s either (1) directly linked or (11) linked via a linker to a
CL domain. The CH1 domain and the CL domain pair to form a dimer. The bispecific antibody
also includes a heterodimerization module comprising a first IgG1 CH3 domain having an amino
acid sequence that 1s at least 80% 1dentical to the sequence set forth in SEQ ID NO:11, wherein
the amino acids at positions 364 and 370 are lysines and the amino acid at position 409 1s a
leucine. The heterodimerization module also includes a second IgG1 CH3 domain having an
amino acid sequence that 1s at least 80% 1dentical to the sequence set forth in SEQ ID NO:11,
wherein the amino acid at position 370 1s a serine, the amino acid at position 397 1s an
1soleucine, and the amino acids at positions 405 and 409 are lysines. The amino acid positions
above are all based on the EU numbering system. (It 1s important to note that the IgE CH2
domain can be part of the polypeptide comprising the first IgG1 CH3 domain or the second IgGl
CH3 domain.)

In some embodiments of the above two aspects, the bispecific antibody includes two
IgG1 CH2 domains. In some embodiments of the above two aspects, the bispecific antibody
includes two IgG4 CH2 domains. In some embodiments, a single polypeptide chain comprises
the first VH, the first polypeptide, and the first IgG1 CH3 domain. In some embodiments, a
single polypeptide chain comprises the first VH, the first polypeptide, and the second IgG1 CH3
domain. In other embodiments, a single polypeptide chain comprises the first VL, the second
polypeptide, and the first IgG1 CH3 domain. In yet other embodiments, a single polypeptide
chain comprises the first VL, the second polypeptide, and the second IgG1 CH3 domain. In some
embodiments, a second single polypeptide chain comprises the second VH, the CH1 domain, and
the second IgG1 CH3 domain. In some embodiments, a second single polypeptide chain
comprises the second VH, the CH1 domain, and the first IgG1 CH3 domain. In some
embodiments, a second single polypeptide chain comprises the second VL, the CL domain, and
the second IgG1 CH3 domain. In some embodiments, a second single polypeptide chain
comprises the second VL, the CL domain, and the first IgG1 CH3 domain. In some

embodiments, the first polypeptide and/or the second polypeptide comprise the amino acid
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sequence set forth in SEQ ID NO:1. In certain embodiments, the first polypeptide and/or the
second polypeptide comprise an amino acid sequence that 1s at least 90% 1dentical to amino
acids 9-107 of the amino acid sequence set forth in SEQ ID NO:1. In other embodiments, the
first polypeptide and/or the second polypeptide comprise amino acids 9-107 of the amino acid
sequence set forth in SEQ ID NO:1. In other embodiments, the first polypeptide comprises an
amino acid sequence that 1s at least 80% 1dentical to the amino acid sequence set forth in SEQ ID
NO:5. In other embodiments, the first polypeptide comprises the amino acid sequence set forth
in SEQ ID NO:5. In certain embodiments, the second polypeptide comprises an amino acid
sequence that 1s at least 80% 1dentical to the amino acid sequence set forth in SEQ ID NO:6. In
some embodiments, the second polypeptide comprises the amino acid sequence set forth in SEQ
ID NO:6. In certain embodiments, the first polypeptide and/or the second polypeptide differ from
the amino acid sequence set forth in SEQ ID NO:1 at at least twelve amino acid residues. In
some embodiments, the first polypeptide and the second polypeptide each contain an amino acid
other than cysteine at at least one of the two cysteine residues of SEQ ID NO:1 that do not form
intrachain disulfide bond. In certain embodiments, the first polypeptide and the second
polypeptide have a mutation or mutations at the N-linked glycosylation site such that the first
polypeptide and the second polypeptide are not glycosylated at the N-linked glycosylation site.
In other embodiments, the first polypeptide or the second polypeptide have a mutation or
mutations at the N-linked glycosylation site such that the first polypeptide and the second
polypeptide are not glycosylated at the N-linked glycosylation site. These mutations can be of
the asparagine or the threonine or serine of the N-linked glycosylation site to other amino acid(s).
In another aspect, the disclosure provides a bispecific antibody comprising a first VH and
a first VL, wherein the first VH and the first VL pair to form a first variable region that binds
specifically to a first epitope of a first antigen. The first VH 1s either (1) directly linked or (11)
linked via a linker to a first polypeptide comprising an amino acid sequence that 1s at least 80%
1dentical to amino acids 7-112 of the amino acid sequence of the CH2 domain of human
immunoglobulin M (IgM) (SEQ ID NO:2). The first VL 1s either (1) directly linked or (11) linked
via a linker to a second polypeptide comprising an amino acid sequence that 1s at least 80%
1dentical to amino acids 7-112 of the amino acid sequence of the CH2 domain of human IgM
(SEQ ID NO:2). The first polypeptide and the second polypeptide pair to form a dimer. The

bispecific antibody also comprises a second VH and a second VL, wherein the second VH and
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the second VL pair to form a second variable region that binds specifically to a second epitope of
the first antigen or to a second antigen. The second VH 1s either (1) directly linked or (1) linked
via a linker to a CH1 domain. The second VL 1s either (1) directly linked or (11) linked via a
linker to a CL domain, and wherein the CH1 domain and the CL domain pair to form a dimer.
The bispecific antibody also comprises a heterodimerization module that includes a first IgG1
CH3 domain having an amino acid sequence that 1s at least 80% 1dentical to the sequence set
forth in SEQ ID NO:11, wherein the amino acids at positions 364 and 370 are lysines and the
amino acid at position 409 1s a serine; and a second IgG1 CH3 domain having an amino acid
sequence that 1s at least 80% 1dentical to the sequence set forth in SEQ ID NO:11, wherein the
amino acid at position 370 1s a serine and the amino acids at positions 405 and 409 are lysines.
The amino acid positions above are based on the EU numbering system.

In another aspect, the disclosure relates to a bispecific antibody comprising a first VH
and a first VL, wherein the first VH and the first VL pair to form a first variable region that binds
specifically to a first epitope of a first antigen. The first VH 1s either (1) directly linked or (11)
linked via a linker to a first polypeptide comprising an amino acid sequence that 1s at least 80%
1dentical to amino acids 7-112 of the amino acid sequence of the CH2 domain of human
immunoglobulin M (IgM) (SEQ ID NO:2). The first VL 1s either (1) directly linked or (11) linked
via a linker to a second polypeptide comprising an amino acid sequence that 1s at least 80%
1dentical to amino acids 7-112 of the amino acid sequence of the CH2 domain of human IgM
(SEQ ID NO:2). The first polypeptide and the second polypeptide pair to form a dimer. The
bispecific antibody also comprises a second VH and a second VL, wherein the second VH and
the second VL pair to form a second variable region that binds specifically to a second epitope of
the first antigen or to a second antigen. The second VH 1s either (1) directly linked or (11) linked
via a linker to a CHI1 domain. The second VL 1s either (1) directly linked or (11) linked via a
linker to a CL domain, and wherein the CH1 domain and the CL domain pair to form a dimer.
The bispecific antibody also comprises a heterodimerization module that includes a first IgG1
CH3 domain having an amino acid sequence that 1s at least 80% 1dentical to the sequence set
forth in SEQ ID NO:11, wherein the amino acids at positions 364 and 370 are lysines and the
amino acid at position 409 1s a leucine; and a second IgG1 CH3 domain having an amino acid
sequence that 1s at least 80% 1dentical to the sequence set forth in SEQ ID NO:11, wherein the

amino acid at position 370 1s a serine, the amino acid at position 397 1s an 1soleucine, and the
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amino acids at positions 405 and 409 are lysines. The amino acid positions above are based on
the EU numbering system.

In some embodiments of the above two aspects, the bispecific antibody includes two
IeG1 CH2 domains. In some embodiments of the above two aspects, the bispecific antibody
includes two IgG4 CH2 domains. In some embodiments, a single polypeptide chain comprises
the first VH and the first IgG1 CH3 domain. In some embodiments, a single polypeptide chain
comprises the first VH and the second IgG1 CH3 domain. In other embodiments, a single
polypeptide chain comprises the first VL and the first IgG1 CH3 domain. In yet other
embodiments, a single polypeptide chain comprises the first VL and the second IgG1 CH3
domain. In some embodiments, single polypeptide chain comprises the second VH and the
second IgG1 CH3 domain. In some embodiments, single polypeptide chain comprises the second
VH and the first IgG1 CH3 domain. In some embodiments, single polypeptide chain comprises
the second VH and the second IgG1 CH3 domain. In some embodiments, the first polypeptide
and/or the second polypeptide comprise the amino acid sequence set forth in SEQ ID NO:2. In
certain embodiments, the first polypeptide and/or the second polypeptide comprise an amino acid
sequence that 1s at least 90% 1dentical to amino acids 7-112 of the amino acid sequence set forth
1in SEQ ID NO:2. In other embodiments, the first polypeptide and/or the second polypeptide
comprise amino acids 7-112 of the amino acid sequence set forth in SEQ ID NO:2. In certain
embodiments, the first polypeptide and/or the second polypeptide differ from the amino acid
sequence set forth in SEQ ID NO:2 at at least twelve amino acid residues. In some
embodiments, the first polypeptide and the second polypeptide each contain an amino acid other
than cysteine at the cysteine residue of SEQ ID NO:2 that does not form an intrachain disulfide
bond. In certain embodiments, the first polypeptide and the second polypeptide have a mutation
or mutations at the N-linked glycosylation site such that the first polypeptide and the second
polypeptide are not glycosylated at the N-linked glycosylation site. In other embodiments, the
first polypeptide or the second polypeptide have a mutation or mutations at the N-linked
glycosylation site such that the first polypeptide and the second polypeptide are not glycosylated
at the N-linked glycosylation site. These mutations can be of the asparagine or the threonine or
serine of the N-linked glycosylation site to other amino acid(s). In certain embodiments, the
disclosure provides a polynucleotide or polynucleotides encoding the bispecific antibody

described above. In some embodiments, expression vectors are provided comprising the
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bispecific antibody described above. In other embodiments, host cells comprising the bispecific
antibody or the expression vectors are provided. In yet other embodiments, provided are methods
of making the bispecific antibody comprising culturing the host cells described above under
conditions that result 1n the expression of the bispecific antibody and 1solating the bispecific
antibody from the cell culture. In certain embodiments, the 1solated bispecific antibody 1s
formulated as a sterile composition for administration to a human subject in need thereof.
Unless otherwise defined, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this invention
belongs. Although methods and materials similar or equivalent to those described herein can be
used 1n the practice or testing of the present invention, the exemplary methods and materials are
described below. All publications, patent applications, patents, and other references mentioned
herein are incorporated by reference in their entirety. In case of conflict, the present application,
including definitions, will control. The materials, methods, and examples are illustrative only

and not intended to be limiting.

Other features and advantages of the invention will be apparent from the following

detailed description, and from the claims.

Brief Description of the Drawings

Figure 1 1s a diagrammatic representation of unwanted side products from mispairing in
an asymmetric antibody. This figure shows that several unwanted side products can form by
mispairing of light and/or heavy chains when two antibodies are co-expressed. The desired
asymmetric antibody may represent a minor fraction, and purification of that desired antibody
may present difficulties.

Figure 2 1s a diagrammatic representation of CH3 heterodimerization by lysine
repositioning. Lysine 370 and Lysine 409 are stacked 1n the normal head-to-tail homodimer of
wild-type CH3 domains of human IgG1. The mutations S364K/K409S 1n monomer A and
K370S/F405K 1n monomer B reverse the orientation of the stacked on lysines, enabling the
formation of the A/B heterodimer but leading to clashes 1n the homodimers (bottom). Thus,
lysine repositioning provides an effective strategy for heavy chain heterodimerization. The

amino acid positions referred to above are based on EU numbering.
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Figure 3A 1s a depiction of SDS-PAGE analysis of IgG/Fc¢ heterodimers. Aliquots of
protein A-purified heterodimers were analyzed by SDS page. The heterodimer between IgG1 and
Fc 1s the predominant species. Two fractions of Knobs-1nto-Holes were loaded. The half-design
MP1 shows high amount of heterodimer, but lacks mutations to prevent formation of the Fc
dimer and thus contains no F¢c monomer.

Figure 3B 1s a bar graph showing molar ratios and relative amounts of the components
that were estimated from LC-MS.

Figure 3C 1s a depiction of the melting temperature of purified heterodimers that was
determined by DSC.

Figure 4A shows the expression of heterodimerization mutants and half-antibody
formation. CHO cells were transfected with various ratios of mp4a and mp4b heavy chains,
which contain the same Fab (M60-A02 antt EGFR). Half-antibody formation in the expressed
proteins was analyzed by SDS PAGE

Figure 4B shows a series of mass spectra that was used to quantify half-antibody
formation. The MS spectra of the samples showed maximal amount of heterodimer and minimal
homodimers are present at transfection ratio 1:1.

Figure 5A 1s a diagrammatic representation of one of the application’s solution to the
light chain pairing problem, the creation of an E-fab. In an E-fab, the CH1 and CL domains are
substituted by IgE CH2 (Ce2) domains, which form a natural dimer.

Figure 5B 1s a superimposition of structures of the human Ce2 domain (white) and a
human IgG1 CH1/kappa constant domains (black) which shows overall similarity of the Ig-folds.
The Ce2 domains pair at a different angle and with greater distance in the upper portion of the
interface, but tighter packing in the lower interface. The Pro at the beginning of B-strand A
(represented as a sphere) 1s 1n a very stmilar position and orientation 1n the CH1/CL and Ce2
domains.

Figure SC 1s a sequence alignment of human IgG1 CH1 and kappa constant with the Ce2
domain and the E-Fab heavy and light chain. The sequences are aligned with IMGT numbering
shown above, the 7 B-strands of the Ig-fold are indicated by arrows, the conserved Pro at the start
of B-strand A 1s 1n bold and underlined. The agly mutation (N38Q) in E-Fabs and interchain

disulfide cysteines are also 1n bold and underlined.
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Figure SD 1s a sequence alignment of IgE CH2 domains from human, chimpanzee,
mouse, rat, and rabbit. Identical residues are shown as dots.

Figure 6A 1s a schematic representation of the strategy to test light chain pairing. The
heavy chain of the Fab A (HCA) 1s fused to HSA, while the light chain of Fab B (LCB) was
tagged at the N-terminus with GFP. Correct pairing of the chains can be checked by molecular
weight of the Fabs.

Figure 6B 1s an analysis of Fab-pairing by SDS-page. The indicated HSA-tagged anti-
EGFR M60-A02 Fabs or E-Fabs were co-expressed with a GFP-tagged Fab anti-IGF-1R C06
(see also, Table 3). Correct pairing of heavy and light chains produces bands at 114 and 74 kDa
under non-reducing conditions, while bands at 47 or 140 kDa indicate mispairing.

Figure 6C 1s an analysis of Fab-pairing by SDS-page. The anti-IGF-1R Fab C06 was
built as E-fab and light chain pairing with another anti-IGF-1R Fab (G11) was tested as in
Figure 6B.

Figure 6D i1s a graph depicting binding of the anti-IGF-1R E-Fab as tested by Octet. The
Fabs were expressed individually, purified on protein A spin columns, and used in Octet binding
(300 nM, 100 nM, and 30 nM) to soluble IGF1-R loaded onto His-tips.

Figure 7 1s a schematic representation of an asymmetric IgG with E-Fab and lysine
repositioning. The constant domains of one Fab arm are replaced with the E-Fab, while the other
Fab arms contains wild-type IgG CH1/CL domains to solve the light chain pairing problem. The
lysine repositioning mutations are included 1n the CH3 domains of the two heavy chains to
enforce heterodimerization.

Figure 8A 1s an analysis of EGFR/IGF-1R bispecific antibodies expressed in CHO-S
cells and supernatants by SDS-PAGE. The E-bodies EO and E2 contain the anti-EGFR as E-Fab,
while the IgG1-heterodimer control contains no light chain solution.

Figure 8B 1s a representation of a mass spectrometry analysis of the asymmetric IgGs
from Figure 8 A which shows no light chain mispairing 1n the E-body but significant amounts of
antibody with mispaired LC 1n the control. Heavy chain homodimers were not detectable in
either sample.

Figure 8C 1s a graph depicting binding of the bispecific antibodies to His-tagged EGFR.
Undiluted supernatants from CHO-S cells were used in Octet binding after loading of his-tagged
ligands (5 ng/mL).
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Figure 8D i1s a graph depicting binding of the bispecific antibodies to His-tagged 1GF-
IR. Undiluted supernatants from CHO-S cells were used in Octet binding after loading of his-
tagged ligands (5 pg/mL).

Figure 9A 1s a graph depicting simultaneous binding of two antigens by a
Trastuzumab/Cetuximab bispecific antibody. His-tagged soluble HER2 (5 ug/ml) was loaded
onto Octet tips allowing capture of the bispecific antibody (200 nM) 1n the next step. Subsequent
binding of EGFR (15 pg/ml) demonstrates simultaneous binding of both ligands by the
bispecific.

Figure 9B 1s a graph depicting the results of the reverse of the experiment shown 1n
Figure 9A. EGFR was loaded first, followed by binding of the bispecific antibody and HER2.

Figure 10A shows Efab constructs with various elbow linker sequences. The anti-HER?2
antibody Trastuzumab was engineered as Efab. Various elbow linker sequences that were
included 1n the light chain are listed in the table. The sequences include the last 5 amino acids of
the variable domain as well as the first 5 amino acids of the IgE CH2 domain 1n addition to the
elbow sequence (bold).

Figure 10B 1s a graph of Octet binding studies. The Efabs were expressed as asymmetric
IgG with Cetuximab 1n CHO cells (as 1n Figure 9), purified and used in Octet binding studies
(100 nM) with His-tagged HER2 (5 ng/ml) loaded onto anti-His tips.

Figure 10C 1s an analysis of Fab-pairing by SDS-page. To assess whether the IgM CH2
domain could solve the light chain pairing equally well as the Ig CH2 domain, two Fabs (anti-
EGFR M60 and anti-IGF-1R C06) were co-expressed: with one Fab fused to HSA and another
Fab fused to GFP. The kappa and CH1 constant domains of the Fab were replaced with IgM
CH2 domains (the resulting molecule was named M-Fab). Analysis of the chain pairing by SDS-
PAGE showed that the M-Fab solved the light chain mispairing between M60 and CO06 that was
prominently observed in the c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>