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CONSTANT CHAIN MODIFIED BISPECIFIC, PENTA- AND HEXAVALENT IG-M ANTIBODIES

Field of the Inveniion

The present invention concerns binding molecules with penta- or hexameric structure.

In particular, the invention relates to binding molecules having a penta- or hexameric
ring structure comprising five or six bispecific binding units. In the binding melecules of the
present invention each of the bispecific binding units binds two different binding targets or
different binding regions {e.g. epitopes) on the same binding target, and each of the five or six
bispecific binding units have the same binding specificities {bind to the same two binding
sargets). In a particular embodiment, the invention concermns bispecific antibodies with penta-

or hexameric structure, comprising five or six bispecific binding units.

In a different aspect, the invention includes binding molecules comprising five or six
menospecific binding units, where (1) each of the monospecific binding units comprises two
IgM heavy chain constant regions each comprising at least a Cu3 and Cud domain conjugated
o a binding region to a binding target, (11} at least two of the monospecific binding units bind
io different binding target. The invention further includes binding molecules comprising five
or six bispecific binding units, where (1) gach of the bispecific binding units comprises two
fgM heavy chain constant regions each comprising at least 3 Cp3 and Cud domain conjugated
i a binding region to & binding target, and (i1} at least two of the bispecific binding units bind
to different binding targets. In a particular embodiment, the binding molecules are mulii-

specific IgM antibodies.

Background of the Invention

Since the advent of humanized antibodies, the therapentic use of antibodies such as
Rituxan® (rituximab), Herceptin® {(frastuzumab) and Avastin® (bevacizumab), has
revolutionized the fields of medicine, including oncology, the treatment of inflammatory
disorders, such as rhewmnatoid arthritis, and many other indications. In the United States, more
than 30 homan or humanized antibodies have been approved for clinical use, and more than
600 new antibodies or antibody-like molecules are in various stages of development. Some
antibodies have anfagonistic function on soluble target molecules such as vascular endothelial
growth factor (VEGE) or tumor necrosis factor (TNF), whose actions are part of the

pathologic process of a disease.  Alternatively, antibodies can bind, block and/or induce
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destruction of pathologic cells in certain diseases, such as cancer. The main functions of these
therapeutic antibodies are binding throngh the Fab region, and recruitment of effector function
via the Fe domain (which also mediates the long circulating half-life of antibodies). (e of
the major advantages of antibodies compared to small molecule drugs, can be their exquisite
specificity.  Antibodies can very accurately target selected protein antigens, such as
oncegenes, to the exclusion of very similar homologs, allowing for benign safety profiles.
Henee, antibodies are well characterized for specific single targeting function.

As the field has progressed, antibody function has been enhanced through creative
means of protein enginesring, such as to provide higher affinity, longer half-life, and/or better
tissue distribution, as well as combination of small and large molecule technologies for
increased focus of cell destruction via toxic payload delivery (e.g. antibody-drug conjugates).
Ancther approach o improving antibody function takes advantage of the bivalent binding of
the immmunogiobulin G (gQ) structure which allows one IgG molecule to bind two antigens.
Indeed, in cerfain applications, there exists good potential for asymmetric antibodies to exert
useful functions by simultaneously binding two different target antigens. To address this
need, a variety of constructs have been produced to vield a single molecule that can bind two
different antigens, asllowing for functions never before seen in nature, An example of this bi-
specific approach is “blinatumumab”™ (MT103} which binds the CD3 and CD19 receptors, on
T- and B-cells, respectively. This tethering of a evtotoxic T cell to a cancerous B-cell, allows
for etfective treatment of B-cell leukemia,

However, there remain significant technical difficulties in construction, expression and
production of bispecific antibodies. Although bispecific antibodies are regarded as promusing
therapeutic agents due to their ability to simultaneously bind two different antigens, their
utility is imited due to problems with stability and manufacturing complexity.

Various forms of protein engineering have been used to match heterologous heavy
chaing, plus appropriate pairwise matching of heavy and light chains o efficiently vield a bi-
specific IgG. In addition, varions bispecific antibody formats, including guadromas, chemical
heteroconjugates, recombinant construcis using selected heterodimerization domains and
recombinant constructs of minimal size consisting of two minimal antigen-binding sites.

However, all of these efforts have been fraught with difficulty,

Thus, despite efforts divected toward the development of bispecific therapentic
antibodies, there remains a great need for developing more efficient platforms that can lead to

more efficient and flexible production of bi- and multispecific antibodies, thereby shortening
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the timeline between diseovery and clinical introduction of such therapeutics and enabling the
design and production of new types of amibody formats with multiple specificities and/or

valencies.

Summaeary of the Invention

The present invention concerns binding molecules having a penta- or hexameric ring
structure, such as, for example, isolated IgM antibodies with five or six bispecific binding

units, and methods and means for making and using the same,

in one aspect, the wvention concerns a binding molecule having a penta- or hexameric
ring structure comprising five or six bispecific binding units, wherein each of the bispecific
binding units has the same two binding specificities and comprises a first chain comprising at
least a Cpd domain of an igM heavy chain constant reglon conjugated to a first binding region
to a first binding target, and a second chain comprising at least a Cud domain of an lgM heavy
chain constant region and a second binding region to a second binding target, wherein the first
ansd second binding targets are different, and wherein the first and second chains are
assembled to create a bispecific binding unit as a result of an asymmetric interface created

between their respective fgh heavy chain constant regions.

In oue embodiment, the bispecific binding units are identical.

In another embodiment, the binding molecule further comprises an IgM I chain.

In yet another embodiment, the binding molecule has a pentamerie ring structure.

In a further embodiment, the binding molecule has a2 hexameric ring structure.

In a suill further embodiment, in the binding molecule the first and the second chatns
further comprise a Cud domain of an IgM heavy chain constant region.

In another embodiment, the first and second chains further comprise a Cu2 domain of
an Igh heavy chain constant region.

In other embodiments, the first and second binding targets are selected from peptides,
polvpeptides, glycoproteins, nucleie acid melecules, and srganic and non-organic small
molecules, including, without limitation, soluble polypeptides, cell surface receptors, lgands,
molecular transporters, enzymes and substrates of enzymes,

In a still further embodiment, the first and second binding targets are two sites on the

same soluble target, two sites on the same cell surface recepior target, two different soluble

targets, two celi surface receplor targets, one soluble target and one cell surface receptor

B
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target, one soluble or cell surface receptor target and one long residence fime target, one
soiuble target and one matrix protein or substrate target, one soluble or receptor target and one

molecular transporter target, or two different cell types.

The conjugation of the binding regions to the rest of the molecule may take place by
fusion. Thus, for example, the first and second binding regions may be fused 1o the N-fermini

of the first and second Igh heavy chain constant regions, respectively.

in @ particular embodiment, the first and second binding regions are variable regions of

an antibody.
I another embodiment, the first and second binding targets are two different antigens.

In yet ancther embodiment, the first and second binding tavgets are different epliopes

on the same antigen,

in further embodiments, the first and second binding regions may be two different
antibody heavy chain variable regions, binding to two binding targets, or to different epitopes

on the same binding target.

In the binding melecules of the present invention the antibody heavy chain variable
regions may be from an Ig, IgA, IgE, andfor IgM antibody, preferably from an IgM
antibody. Preferably, the binding molecules herein are bispecific IgM molecules, which may,
but are not regquired to, further comprise at least one Igh light chain variable region sequence

associated with one of two different IgM heavy chain variable regions.

In & particular embodiment, in the binding molecules of the present invention at least
some of the asymmetric interfaces between the IgM heavy chain constant regions of the two
chains of a binding unit are created by a salt bridge formed by pair-wise switches between
oppositely charged amino acid residues in at least one of the Cu2, Cu3 andfor Cpd domains of

the two chains of said binding unit.

Thus, a salt bridge may be formed between at least one of the Cu2-Cu2, Cud-Cud, and

Cu2-Cu3-Cpd domains of the two chains of a binding unit.

In one embodiment, the pair-wise switches are selected from the group consisting of

in another embodiment, the binding molecule may comprise at least one pair-wise

charged amino acid residue switch in the Cud-Cpd domains, where the switch may, for
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example, be selected from the group consisting of R328E, D+-F339R,K; R344E, De+8130R K;
KITOE D B3R5SR K RAZTE, D EIIOR K and TI34E, De397R K.

In a further embodiment, at least one pair-wise charged amino acid switch between the
Cu2-Cul domains, and may, for example, be selected from the group consisting of

EISTR KKI177ED and K169E, De-EIT0R K.

In a still further embodiment, at least one pair-wise charged amino acid residue switch
i§ in the Cp-Cp3-Cud domains, and may, for example, be selected from the group consisting

of DIZIK R«=K315D.E; KI150E,DE3R5K R, and KI1B5D E«+D3I60K, R,

In a further embodiment, in the binding molecules of the present invention at least
some of the asymmetric interfaces between the Igh heavy chain constant regions of the two
chains of a binding unit are created through knobs-into-holes connections, which may, for
example, be created by mutations selected from the group consisting of knobs: T350—Y ,F,W:
and H385-+Y F; and holes: L352— G,AVLME, T, HI9S-AVILLMEY; FI183—W,¥;
B87— A VST, T350-—-8,AV; and T348--8,

In g gpecific embodiment, in the binding molecules of the present invention the light
chain variable region sequences, if present, are coupled to their matching heavy chain variable

region by creating an asymiumetric interface between the light and heavy chains,

In other embodiments, the asymmetrle interface is created by CrossMab technique,

knobs-inte-holes coupling and/or salt bridges coupling.

The binding molecules of the present invention might comprise a common Hght chain
and/or might be conjugated  a toxin or a chemotherapentic agent. Preferably, conjugation is
by fusion, but conjugation by a chemical linker is also included within the scope of the

fvention,

The binding molecules herein might be bispecific antibodies with a penta- or
hexameric structure, which might be chimeric or humanized.

In a different aspect, the invention concerns a composition comprising at least about
0%, or at least 8%, or at least 80% or at least 959%, of at east 98%, or at last 99% of the

binding molecule as hereinabove defined.

In a particular embodiment, the composition is 2 pharmacentical composition.

Ly
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The present tnvention further concemns a multi-specific binding molecule having a
penta~- or hexamerie ring structure comprising five or six monospecific binding units, wherein
(i} each of the monospecific binding units comprises two IpM heavy chain constant regions
each comprising at least a Cu3 and Cud domain conjugated 1o a binding region to a binding
target, (it} at least two of the monospecific binding units bind to different binding targets, and
{iii} an external asymmetric interface is created between the heavy chain constant regions of

the neighboring monospecific binding units that bind to different binding targets.

in one embodiment, &l least three of the monospecific binding units bind to different

binding targets.

in another embodiment, at least four of said wmonospecific binding units bind o

different binding targets.

in yet another embodiment, the binding molecule has a pentameric ring structure and

all five monospecific binding units bind to different targets.

In a further embodiment, the binding molecule has a hexameric ring structure and at

least five of said monospecific binding units bind to different targets.

In & still further embodiment, all six of the monospecific binding units bind to differsnt

targets.

In another aspect, the invention concerts a multi-specific binding molecule having a
penta- or hexameric ring structure comprising five or six bispecific binding units, where (i)
each of the bispecific binding units comprises two IgM heavy chain constant regions each
corprising at least a Cp3 and Cpd domain conjugated to a binding region to a binding target,
{11} at least two of the bispecific binding unils hind to different binding targsts, (i11) an internal
asyrumetric interface is created between two Ighd heavy chaln constant regions of sach
bispecific binding unit, and {iv} an external asymmetric interface is created between the heavy
chain constant regions of the neighboring bispecific binding units binding to different targets.

In one embodiment, at least three of the bispecific binding units bind to different
binding targets.

in another embodiment, at least four of the bispecific binding units bind to different
hinding targets.

In yet anocther embodiment, the binding molecule has a pentameric ring structure and

ali five bispecific binding units bind to different targsts.
)
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In a further embodiment, the binding molecule has & hexameric ring structure and at

ieast five of the bispecific binding units bind to different targets,
in a still further embodiment, all six bispecific binding units bind to different targats,

i a different embodiment, the multi-specific binding molecule further comprises an

Ight I chain.

in various embodiments, the multi-apecific binding molecule may have a pentameric

or hexameric ring structure,

Repardless of the number and nature of the binding specificities of the multi-specific

binding molecules of the present invention, the following specific embodiments apply:

In one embodiment, in at least one of the binding units the IgM heavy chain constant
regions further comprise a Cu2 domain. In yet another embodiment, in all of the binding units
the g heavy chain constant regions further comprise a Cu2 domain.  In various
embodiments, the nuiti-specific binding molecules of the present invenmtion may hind to
binding targets selected from peptides, polypeptides, glycoproteins, nucleic acid molecules,

and organic and non-organic small molecules.

In other embodiments, the multi-specific binding molecules of the presemt invention
bind o binding targets selected from soluble polypeptides, cell surface receptors, lgands,

molecular fransporters, enzymes and substrates of enzymes.

In further embodiments, the multi-specific binding ruolecules of the present invention
binding to different targets are selecied from the group consisting of binding units binding to
sites on the same soluble target; sites on the same cell surface receptor target; different solubie
targets; different cell surface receptor targets; soluble and cell swrface receptor targets; soluble
or cell surface receptor and long residence fime targets; soluble and matrix protein or substrate
targets; soluble or receptor and molecular transporter targets, and different cell types.

in a particular embodiment, in the binding units within the binding molecules of the
present invention the comjugation between the IgM heavy chain constant repions and the
binding region to a binding target is by fusion. Thus, for example, the binding regions may be
fused to the N-termini of the 1gM heavy chain constant regions.

in one embodiment, at least one of the binding regions is a variable region of an

antibody,

bl
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In another embodiment, all of the binding regions are antibody heavy chain variable

reginns.
In yet another embodiment, at least two binding targets are different antigens.

In & turther embodiment, at least two binding targets are different epitopes on the same

antigen.

In all aspects and embodiments, the antibody heavy chaln variable regions may be

from an lgQG, IgA, Igl, or IgM antibody, preferably from an IgM antibody.

In a preferred embodiment, the multi-specific binding molecule of the present

imvention 1s a multi-specific IgM antibody.

in one embodiment, the multi-specific IgM antibody of the presemt invention further
comprises at least one IgM light chain variable region sequence associated with an IgM heavy

chain variable region in gt least one of the binding units.

in another embodiment, the multi-specific IgM antibody further comprises an IgM
light chain variable region sequence associated with each of the Igh heavy chain variable
regions.

fn all aspects and embodiments, the external asymumetric interface is created by
alteration(s} within the Cu3 domain. In one embodiment, the alieration is created by a salt
bridge formed by pair-wise switches between oppositely charged amine acid residues in the
Cpd domain,

In various embodiments, the salt bridge providing the external asymmetric interface is
formed by at least one pair-wise charged amine acld residue switch in the Cu3-Cul domains,

which may, for exaruple be K238 «» D293 or K268 « 3294 in the neighboring g chains.

In all aspects and embodiments, in the multi-specific binding molecules, e.g. multi-
specitic IgM antibodies, of the present invention the internal ssymmetric interfaces are created
by a salt bridge formed by pair-wise switches between oppositely charged amine acid residues

i at least one of the Cp2, Cul andfor Cud domains.

in one embodiment, 4 salt bridge is formed between at feast one of the Cu2-Cul2, Cud-
Cud, and Cp2-Cu3-Cud domains of the two chains of said binding unit.

In another embodiment, the pair-wise switches are selected from the group consisting

of E—K, K—E, B—E, B-—R; DK, K—D; and R—D), D—R.
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In a further embodiment, the multi-specific binding molecule, e.g. multi-specific [pM
antibody, coniprises at least one pair-wise charged amino acid residue switch in the Cpd-Cud
domains, which may, for example be selected from the group consisting of
RIZBE DeE3I9RK; R344E De-S330R K K376E,D»E38SR K, R4A2TE De-E339R K and
T354E, DeI397R K,

In a still further embodiment, the multi-specific binding molecule, e.g. multi-specific
fgM antibody, comprises at least oue pair-wise charged aminoe acid switch between the Cul-
Cu2 domains, which may, for example, be selected from the group consisting of

EISTR KK ITTE D and K169E,D+~EIT0R K,

In another embodiment, the multi-specific binding molecule, e.g. multi-specific IgM
antibody, comprises at least one pair-wise charged amino acid residue switch in the Cp2-Cul-
Cu4 domains, which may, for example, be selected from the group consisting of

DIZIK R-K315D.E; KI1S0E,DE3RSK,R; and K185D E— D360 R,

In all aspects and embodiments, at least some of the external and/or internal
asymmetric interfaces between the IgM beavy chain constant regions may be created through
knobs-into-holes connections. For example, at least one knobs-inte-hole comnection may be
created by mutations selected from the group consisting of knobs: T350--Y.F.W,; and
H395--Y.F, and holes: L382— GAVIMET, HIS—AVLLMEY, F393--W)Y;
1397— AV ET, TI50—-8,4,V; and T34R-8,

In the multi-specific IgM antibodies comprising a light chain variable region sequence,
such light chain variable region sequences may be coupled to thelr maiching heavy chain
variable regions by creating an asymmetric interface between the light and heavy chains. In
various embodiments, the asymmetric interface may be created by CrossMab technigue,
knobs-into-holes coupling andfor salt bridges coupling. In & further embodiment, the binding

uriits of the multi-specific binding molecule comprise a comunon light chain.

in all aspects and embodiments, the multi-specific binding meolecule may be
conjugated to a toxin or a chemotherapeutic agent, where the conjugation may, for example,
be by fusion and/or trough a chemical linker,

The multi-specific IgM antibodies of the present invention may be chimeric or

hurnanized.

I a further aspect, the invention concerns a composition comprising at least about

0%, or at least about 80%, or at least about 90%, or al least about 95%, or at least about 989%,
9
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or at least about 99% of a multi-specific binding molecule herein, The composition may, for
example, be a pharmaceutical composition, comprising at least one pharmaceutically

acceptable ingredient.

Brief Description of the Drawings

FIG. 1 illustrates the structure of an IgM pentamer, comprising a J chain, wherein

chains A and B are identical in native Ighl.

FIG, 2A illustrates a five-membered IgM molecule with two binding specificities,

wihere the heavy (1) chains designated as A and B are different.

FIG.28 Hustrates 2 multi-specific IgM antibody comprising five or six monospecific
binding units, where (i} each of the monespecific binding units comprises two IgM heavy
chain constant regions each comprising at least a Cpd domain conjugated to a binding region
10 a binding target, (it} at least two of the monospecific binding units bind to different binding

target.

FIG. 20 dlustrates a multi-specific IgM antibody comprising five or six bispecific
binding units, where (i) each of the bispecific binding units comprises twe IgM heavy chain
constant regions each comprising at least a Cu4 domain conjugated o 2 binding region to a
binding target, and (i1} at least two of the bispecific binding units bind to different binding
targets,

FIG. 3 1s a structural model of the A and B heavy chains of an IgM molecule as
published in Czaikowsky DM, Shao 7, PNAS 2009; 106:14960-14965.

FI1G. 4A shows the alignment of the CG1, CE! and CM1constant domains of human
1gl, IgE and IgM, respectively.

FiG. 48 shows the alignment of the CE2 and CM2 constant domains of human IgE
and fghd, respectively,

¥, 4C shows the alignment of the CG2, CE3 and CM3 constant domains of human
fgGl, gk and IgM, respectively.

Fig. 4D shows the alignment of the CG3, CE4 and CM4 constant domains of human

g, 1gE and IgM, respectively,

In Fiiss 4 A4
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human IgE sequence is from GenBank J00222.1; residus numbering from PDB
IWOR; helix (b} and sheet (s} assignments from PDB 2WQR;

human IgG1 sequence is from GenBank JO0228.1; residue mumbering from PDB
QO helix () and sheet (8) assigoments from PDB 10QC;

human IgM sequence is from GenBank X14940.1; residue numbering is sequential
from start of CM1 domain; reported variance in human IgM sequences noted below IgM
sequence for GenBank CAB3IT7838.1, CACZ0458. 1, AFMATI12.1, X57331.1 and JOO260.1

FIG. § shows the structure of hetero-monomers prepared in Example 1.

FiG. & shows a non-reduced SDS-PAGE gel of wild-type and engineesred 1M Fe pairs
23 angd Zh,

Pane 1 wild-type Rix:Fe.

Lane 2: a mixture of Rix2a:Fe2b, where Rix2a is composed of a u chain for chimeric
Rituxan (anti-CD20) Vi region fused with CM1 to CM4 of human i chain with 02918,
T330Y, T354E, and I397E mutations and tail piece deletion; and Fe2b is human u chain CH2
to CH4 and with C2918, L3528, T354K, H393V, and 1397K muations and tail piece deletion.

Lane 3: a mixture of RixZb:FeZa, where Rix2b is composed of a y chain for chimerie
Rituxan {anti-CD20) Vh region fused with CM1 to CM4 of human mu chain with {2818,
L3325, T354K, H3RSV, and I387K mutations and tail plece deletion; and Fo2a consists of a
human ¢ chain CH2 to CH4 reglon with C2918, T350Y, TIS4E, and 1397E mutations and tail
piece deletion. Arrow indicates heterodimer.

FIG. 7 shows a reduced SDS-PAGE gel of wild-type and engineerad IgM Fe pairs 1a
and 2b, where the designations are the same as in FIG. 6.

FIG. 8 shows a non-reduced SDS-PAGE gel of wild-type and engineered IgM Fe
pairs:

Lane 1. wild-type Okt:Fe. Okt, composed of OK T3 {anti-CD3 antibody) scPv fused
with CM2 to CM4 of human u chain,

Lane 20 a mixture of OktZa:Fe2b, where Okt2a is composed of OKT3 {anti-CD3
antibody} scFv fused with CM2 to CM4 of human 1t chain with C2918, T350Y, TI54E, and

F397E mutations and tail plece deletion;
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Lane 3: a mixture of OkiZb:Fe2a, where Oki2b is composed of GKT3 {anti-CIx3
antibody) seFv fused with CM2 to CM4 of human p chain with C2918, 13528, T354K,
HI9SV, and 397K mutations and tail piece deletion. Arrow indicates heterodimer.

Lanes 4-6: Wild-type Okt Rix combination; engineered Okt2a:Rix2b combination; and
OkiZb:Rix2a combination, where RixZa is composed of a p chain for chimeric Rituxan {angi-
CD28} Vh region fused with CM1 1o CM4 of human u chain with C2918, T350Y, T354E, and
1397 mutations and tail piece deletion, and Rix2b is composed of a u chain for chimeric
Rutuxan {anti-CE20) Vh region fused with CM1 o CM4 of human mu chain with C2915,
L3525, T354K, H395Y, and 1397K mutations and tail piece deletion. Arrow indicates the
heterodimer.

FiGs. 9 shows reduced samples on SDS-PAGE gel of 293F cell transfectants of the

same consiructs as shown in FIG. &

FIGL 10 thustrates how four salt bridges in the Cu3 region stabilize two neighboring
{A.B} uchains around a disulfids bridge in a multi-specific binding molecule of the present

inveniion.

Table A lists human IgM CM4 domain interface residues in knobs-holes positions and

for potential charge introductions.
Table B hists human IgM CM4 domain interface residues for potential charge swaps.
Table C lists human IgM CM2 domain interface residues for potential charge
fntroductions.
Table D fists hurnan Igh CM2 domain interface residues in knobs-holes positions.
Table E lists human IgM CM2 domain interface residues for potential charge swaps,

Table F lists human Ighf CM2, CM3 and OM4 domain interface residues for charge

exchanges.

Dietailed Description of the Invention

i Definitions
The term "antibody” includes monoclonal antibodies (including full length antibodies
which have an immunoglobulin Fo region), single-chain molecules, as well as antibody

fragments {e.g., Fab, Flab, and Fv). The term “lnununoglobulin® {Ig)y is used
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interchangeably with "antibody” herein. The basic 4-chain antibody unit s a heterstetrameric
glycoprotein composed of two identical Hght (L) chains and two identical heavy (H) chains.

It the case of {gGs, the 4-chain unit is generally about 130,000 daltons. Bach L chain
is linked to an H chain by one covalent disuifide bond, while the two H chains are Hnked 0
each other by one or more disulfide bonds depending on the H chain isotype. Fach Hand L
chain also has regularly spaced intrachain disulfide bridges. Each H chain has at the N-
terminus, a variable domain (Vi) followed by three constant domains (Cy) for each of the g
and v chains and four Cy domains for p and ¢ isotypes. Each L chain has at the N-terminus, a
variable domain (Vi) followed by a constant domain at its other end. The Vy is aligned with
the Vi and the Cy 1s aligned with the first constant domain of the heavy chain {Cyy). Particular
amine acid residues are believed to form an interface between the lght chain and heavy chain
variable domains. The pairing of a Vy and Vy together forms a single antigen-binding site.

igM forms polymers where multiple humunoglobulins are covalently lnked together
with disufide bonds. Igh mostly exisis as a pentamer but alse as a hexamer and therefore
contains 10 or 12 antigen binding sites. The pemtameric form optionally contains an
additional polypeptide, called the J chain, but can also be made in the absence of § chain. The
pentameric IgM molecule has g molecular weight of approximately 970 kDa.  Dus to its
polymeric nature, IgM possesses high avidity and is particularly effective in complement
activation. Unlike in IgG, the heavy chain in igM monomers is composed of one variable and
four constant domains. The {gM constant domains are designated herein as CMI or Cud,
CMZ or Cp2, CM3 or Cul, and CM4 or Cud, wherein the “CM” and Cu” designations are
used interchangeably.

igA antibodies exist in a monomeric form but can also polymerize. In their secretory
form IgA comprise from 2-5 of the basic 4-chain units linked by a § chain and a secretory
component,

IgE exists in monomeric form, and has four constant domains, which are referred 10 as
CEL, CE2, CE3 and CE4 in the present application.

The L chain from any veriebrate species can be assigned to one of two clearly distinet
types, called kappa {1} and lambda (1), based on the amine acid sequences of their constant
domains.

Some types of antibodies can further be divided into various sub-classes: IgG1l, 1gG2

1g(33, Ig0d, IgAl and IgAld.

¥
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For further details of the structure and properties of the different classes of antibodies,
see ¢.g., Basic and Clinical Immunciogy, 8th Editlon, Daniel P. Stites, Abba I Terr and
Tristram . Parslow (eds), Appleton & Lange, Norwalk, Conn., 1994, page 71 and Chapter 8.

Unless stated otherwise, the term “antibody” specifically includes native human and
non-human 1gGl, 1gG2, 1gG3, 1pG4, Igk, IgA, gD and IgM antibodies, including naturally
ceourring variants. Thus, for exarople, the human IgM sequence is available under GenBank
Accession Number X14940.1, while variants have been reported as GenBank CAB37838.1,
CACZ0458.1, AFMIT312.1, X8733 1.1, and JOO260.1.

The term “monocional antibody™ as used herein refers to an antibody obtained from a
populaticn of substantially homogeneous antibndizs, f.e., the individual antibodies comprising
the population are identical except for possible naturally occurring mutations that may be
present in minor amounts. Monoclonal antibodies are highly specific, being directed against a
single antigenic site.  Furthermore, in contrast to conventional (polyclonal) antibody
preparations  which  typically include different antibodies directed against different
determinanis {epitopes), each monoclonal antibody is directed against a single determinant on
the antigen. The modifier “monoclonal” indicates the character of the antibody as being
obtained from a substantially homogeneous population of antibodies, and is not o be
construed as requiring production of the antibody by any particular method. Por example, the
monoelional antibodies to be used in accordance with the present invention may be made by
the hybridoma method first described by Kohler et al (1973) Natwre 256:493, or may be made
by recombinant DNA wmethods (see, eg, U8, Patent No. 4,816,567). The “monocional
antibodies” may also be isolated from phage antibody libraries using the techniques described
in Clackson et al (1991) Narure 352:624-628 and Marks et al (1991 Mol Hiol, 222:381-
397, for example.

The menoclonal antibodies herein  specifically  include “chimeric” antibodies
{immuncglobulins} in which a portion of the heavy and/or light chain is identical with or
homologous to corresponding sequences in antibodies derived from a particular species or
belonging to a particular antibody class or subclass, while the remainder of the chain(s) is
identical with or homologous {0 corresponding sequences in antibodies derived from another
species ot belonging to another antibody class or subelass, as well as fragments of such
antibodies, 50 long as they exhibit the desived biological activity (U5, Patent No. 4,816,567,
and Morrison et al. (1984} Proc, Natl dead Sci. US4 81:6851-6855).
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“Humanized” forms of non-human {eg, murine) antibodies are antibodies which
contain mimmal sequence derived from non-human immunoglobuling  For the most part,
humanized antibodies are huwman hwounoglobulins {recipient amtibody) in which residues
from a hypervariable region of the recipient are replaced by residues from a hypervariable
region of a non-human species (donor antibody) such as mouse, rat, rabbit or nonhuman
primate having the desired specificity, affinity, and capacity. In some instances, Fv
framework region (FR) residues of the human immuncglobulin are also replaced by
corresponding non-human residues.  Furthermore, humanized antibodies may comprise
residues which are not found in the recipient antibody or in the donor antibody. These
modifications are made to further refine antibody performance. In general, the humanized
antibody will comprise substantially all of at least one, and typically two, variable domains, in
which all or substantially all of the hypervariable loops correspond to those of 2 non-human
immunocgiobulin and all or substantially all of the FR regions are those of a human
immunogiobulin sequence. The humanized antibody optionally alse will comprise at least a
portion of an immunoglebulin  constant region (Fe), typically that of a human
immunoglobulin. For further details, see Jones et al. (19868} Naawre 321:522-525; Riechmann
et al. (1988) Nanre 332:323-329; and Presta (1992} Curr. Op. Struce. Biol 2:593-596,

A “species-dependent antibody” is one which has @ siropger binding affinity for an
antigen from a first mammalian species than it has for 2 homologue of that antigen from &
second mammalian species. Normally, the species-dependent antibody “binds specifically” to
a human antigen (e has a binding affinity (K¢ value of no more than abour 1 x 107 M,
preferably no more than about 1 x 10 M and most preferably no more than about 1 x 107 M)
bul has a binding affinity for a homologue of the antigen from a second nonhuman
manumalian species which is at least about 50 fold, or at least about 500 fold, or at least about
1000 fold, weaker than its binding affinity for the human antigen. The species-dependent
antibody can be any of the various types of antibodies as defined above, but preferably is a
humanized or human antibody,

As used herein, “sntibody mutant” or “antibody variant” refers to an aminoe acid
sequence variant of a reference antibody wherein one or more of the amine acid residues of
the reference antibody have been modified. The reference antibody can, for example, be a
native antibody but also a known variant of 2 native antibody. Such mutants necessarily have
lesa than 100% sequence identity or similarity with the reference antibody. In a preferred

embodiment, the antibody mutant will have an amine acid sequence having at least 75%

is
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armune acid sequence identity or similarity with the amino acid sequence of either the heavy or
light chain variable domain of the reference antibody, more preferably at least 8%, more
preferably at least §5%, more preferably at least 90%, and most preferably at least 95%.
Identity or similarity with respect o this sequence is defined herein as the percentage of amine
acid residues in the candidate sequence that are identical {ie same residue) or similar (fe.
amune acid residue from the same group based on common side-chain properties) with the
reference antibody residues, after aligning the sequences and Introducing gaps, if necessary, 1o
achieve the maximum pereent sequence identity. None of N-terminal, C-terminal, or internal
extensions, deletions, or insertions into the antibody sequence outside of the variable domain
shall be construed as affecting sequence identity or similarity.

An “isolated” bispecific or multi-specific binding molecule, such as bispecific or
multi-specific antibody, herein is one which has been idenmtified and separated andfor
recovered from @ component of its natural environment in 3 recombinant host cell
Contaminant compenents of its natural environment are materials which would interfere with
diagnostic or therapeutic uses for the molecule, e.g. antibody, and may include enzymes,
hormones, and other proteinacecus or nonproteinacegus solutes, as well as undesired
byproducts of the production, such as, for example, monospecific binding units (AA and/or
BB in the case of a bispecific molecule comprising AR binding units), or melecules, with less
than five bispecific binding units. In preferred embodiments, the bispecific binding molecule,
such as antibody, will be purified (1} to greater than 95% by weight, or greater than 98% by
weight, or greater than 99%% by weight, as determined by SDS-PAGE or SEC-HPLC methods,
{2} 1o a degree sufficient to obtain af least 15 residues of N-terminal or internal amino acid
sequence by use of a amino acid sequencer, or {3} to homogeneity by SDS-PAGE under
reducing or non-reducing conditions using Coomassie blue or, preferably, silver stain,
Urdinarily, an isclated multi-specific, e.g. bispecific binding molecule, e.g. antibody, will be
prepared by at least one purification step.

The term "specific binding” or "specifically binds to" or is "specific for" refers to the
binding of a binding molecnle, such as an antibedy, 1o a target molecule, e.g., a particular
polypeptide or an epitope on & particnlar polypeptide, peptide, or other target {e.g. a
glycoprotein target), and means binding that is measurably different from a non-specific
interaction {e.g., a non-specific interaction may be binding to bovine ssrum albumin or
casein). Specific binding can be measured, for example, by determining binding of antibady to

a target melecule compared 10 binding of antibody to a control molecule. For example,
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specific binding can be determined by competition with a control molecule that is similar to
the target, for example, an excess of non-labeled target. In this case, specific binding is
indicated if the binding of the labeled target to a probe is competitively inhibited by excess
uniabeled target. The term "specific binding" or "specifically binds 10" or is "specific for" a
particular polypeptide or an epitope on a particular polypeptide target as used herein can be
exhibited, for exarple, by a mwolecule having a Kd for the target of at least about 200 oM,
alternatively at least about 150 oM, allernatively at least about 100 nM, alternatively at least
about 60 oM, alternatively at least about 50 nb, alternatively at least about 40 nM,
alternatively at least about 30 uM, alternatively at least about 20 nM, alternatively at least
about 10 nM, alternatively at least about 8 nM, alternatively at least about 6 nM, alternatively
at least about 4 nM, alternatively at least about 2 nM, alternatively at least about 1 uM, or
greater. In certain instances, the tenm "specific binding” refers to binding where a molecule
binds to a particular polypeptide or epitope on a particular polypeptide without substantially
binding to any other polypeptide or polypeptide epitope.

"Bhinding affinity” refers to the strength of the sum total of noncovalent interactions
between g single binding site of a molecule (e.g., an antibody) and #ts binding partner {e.g., an
antigen}. Uniess indicated otherwise, as used herein, "binding affinity” refers to intrinsic
binding affinity which reflects a 111 interaction between members of a binding pair {e.g.,
antibody and antigen). The affinity of a molecule X for its partner Y can generally be
represented by the dissociation constant (Kd). For example, the Xd can be about 200 nM, 150
nM, 100 oM, 60 oM, 50 nM, 40 nM, 30 nM, 20 nM, 10 nM, 8 oM, 6 oM, 4 oM, 2 ad, 1 nM,
or stronger, Affinity can be measured by common methods known in the art, including those
described herein. Low-affinity antibodies generally bind antigen slowly and tend to dissociate
readily, whereas high-affinity antibodies generally bind antigen faster and tend to remain
bound longer. A variety of methods of measuring binding affinity are known in the art.

As used herein, the "Kd" or "Kd value” refers to a dissociation constant measured by a
technigue appropriate for the antibody and target pair, for example using surface plasmon
resonance assays, for example, using a BlAcore™.2000 or a BlAcore™.3000 (BlAcore, Inc.,
Piscataway, N.J.) at 25°C. with bumobilized antigen CMS chips at about 10 response units
(R

The term “bispecific binding unit” is used herein to refer to a molscule comprising a
pair of IgM heavy chain constant region polypeptides each comprising at least a (M4 domain,

and each conjugated to a binding region to a different binding target. Preferably, the

i
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conjugation is by fusion, preferably to the N-terminus of the IgM heavy chain constani region
polypeptide sequence. The term “biapecific binding unit” specifically encompasses, but is not
Hmited to, a “bispecific IgM antibody binding unit,” as hereinafier defined. The binding
molecules of the present invention have a penta- or hexameric ring structure and comprise five
or six bispecific binding units.

The terms "conjugate,” "conjugated,” and "conjugation” refer 10 any and all forms of
covalent or non-covalent linkage, and include, withow Hmitation, direct genetic or chemical
fusion, coupling through a linker or a cross-linking agent, and non-covalent association.

The term "bispecific IgM antibody binding unit™ is used in the broadest sense and
specifically covers a pair of IgM antibody heavy chain constant region polypeptides,
comprising at least a CM4 constant domain, fused o a variable domain sequence {(Vy), sach
variable domain ssquence binding to & different target, with or without associated antibody
light chain variable domain (V) sequences. In one embodiment, the bispecific IgM antibody
comprises two ViV antigen binding regions, each capable of binding to a different epitope
on one antigen or epitopes on two different antigens. The bispecific IgM antibody binding
units can be full length from a single species, or be chimerized or humanized. The bispecific
IgM antibodies of the present invention have a penta- or hexamerie ring structure comprising
five or six bispecific Igh binding vnits.

A "full length IgM antibody heavy chain” is a polypeptide consisting in N-terminal to
C-terminal divection of an antibody heavy chain variable domain (VH), an antibody constant
heavy chain constant domain 1 {CM1 or Cull, an antibody heavy chain constant domain 2
{CM2Z or Cul), an antibody heavy chain constant domain 3 (CM3 or Cu3), and an antibody
heavy chain constant domain 4 {CM4 or Cud). The bispecific full length pM antibodies
according to the invention comprise five or six monomers (hinding units), each with two
autigen binding sties, which specifically bind to two different binding targets {epitopes). The
C-terminus of the heavy or light chain of the full length antibody denotes the last amino acid
at the C-terminus of the heavy or light chain. The N-terminus of the heavy or light chain of the
full length antibody denotes the first amino acid at the Nefermuinus of the heavy or light chain.

The term "valent” as used herein denotes the presence of a specified number of binding
sttes in an antibody, As such, the terms "bivalent”, "etravalent”, and "hexavalent” denote the
presence of two binding sites, four binding sites, and six binding sites, respectively. In the

bispecific IgM antibodies according io the invention each binding unit is bivalent.

acy
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Accordingly, the bispecific Ight antibodies herein have 10 or 12 valencies, The definition
similarly appligs to binding molecules that are non-antibodies.

The term "epitope” includes any molecular determinant capable of specific binding o
an antibody. In certain embodiments, epitope determinant include chemically active surface
groupings of molecules such as amino acids, sugar side chains, phosphoryl, or suifenyi, and,
in certain smbodiments, may have specific three dimensional siructural characteristics, and or
specific charge characteristics. An epitope is a region of an antigen that is bound by an
antibody. A “binding region” is 8 region on a targe! bound by a binding molecule,

“Polyepitopic specificity” refers to the ability to specifically bind to two or more
different epitopes on the same or different target(s). "Monospecific” refers to the ability w0
bind only one epitope. According to one embodiment the bispecific Igh antibody binds o
each epitope with an affinity of at least 107M, or 10 M or better,

The term “target” is used in the broadest sense and speeifically includes polypeptides,
nucleic acids, carbohydrates, lipids, and other molecules with bislogical function as they exist
in nature. The “target” may, for example, be a celi, wherein the bispecific binding units target
two different cell types, different subpopulations of the same cell type {e.g. different B-cell
populations) or two different sntities on a single cell.

An “antigen-binding site” or “antigen-binding region” of an antibody of the present
mvention  typically containg six complementarity determining regions {(CDRs) which
contribute in varying degrees fo the affinity of the binding site for antigen. There are three
heavy chain vanable domain CDRs (CDRHI, CDRHZ and CDRH3Y) and three light chain
variable domain CDRs (CDRLY, CDRL2 and CDRL3). The extent of CDR and framework
regions {FRe) is defermined by comparison to g compiled database of amino acid sequences in
which those regions have been defined according to variability among the sequences and/or
structural information from antibody/antigen complexes. Also included within the scope of the
invention are functional antigen binding sites comprised of fewer CDRs {Le., where hinding
specificity 1s determined by three, four or five CDRs). Less than a complete set of 6 CDRg
may be sufficient for binding o some binding targets. Thus, in some instances, the CDRs of a
VH or a VL domain alone will be sufficient. Furthermore, certain antibodies might have non-
ChR-associated binding sites for an antigen.  Such binding sites are specifically included
within the present definition.

The term “interface”, as used herein, is used o refer to a region, which comprises

those "contact” amino acid residues {or other non-aminoe acid groups such as, for example,
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carbohydrate groups,) in a first IgM heavy chain constant region which interact with one or
more "eontact” amino acid residues {or other non-amine acid groups) in a second Igh heavy
chain constant region.

The term “asymometric interface” 18 used to refer to an interface {as hereinabove
defined) formed between two antibody chaing, such as a first and a second IgM heavy chain
constant region and/or between an IgM heavy chain constant region and U5 maiching light
chain, wherein the contact residues in the first and the second chaing are different by design,
comprising complementary contact residues. The asymmetric interface can be created by
knobs/holes interactions and/or salt bridges coupling {charge swaps) and/or other technigues
mown in the art, such as for exampls, by the CrossMab approach for coupling a g heavy
chain to its maiching light chain,

A "cavity” or “hole” refers to at least one amine acid side chain which is recessed from
the interface of the second polypeptide and therefore accomumodates a corresponding
protuberance (“knob™} on the adjacent interface of the first polvpeptide. The cavity (hole) may
exist in the origival interface or may be introduced synthetically {e.g. by altering nucleic acid
encoding the interface). Normally, nucleic acid encoding the interface of the second
palypeptide is altered to encode the cavity. To achieve this, the nucleic acid encoding at least
one “original” amino acid residue in the interface of the second polypeptide is replaced with
DNA encoding at least one "import" amino acid residue which has a smaller side chain
vehume than the original amine acid residue. It will be appreciated that there can be more than
one original and corresponding tmport residue. The upper limit for the number of original
residues which are replaced 13 the total number of residues in the interface of the second
polypeptide. The preferred import residues for the formation of a cavity are usually naturally
ceourring amino acid residues and are preferably selected from alanine (A), serine {8),
threonine (T}, valine (V) and glveine {3) Most preferred amino acld residues are serine,
alanine or threomine, most preferably alanine, In the preferred embodiment, the original
residue for the formation of the protuberance has a large side chain volume, such g3 tyrosine
(Y}, arginune (R}, phenylalanine (F) or tryptophan (W),

An "original” amino acid residus i3 one which is replaced by an "impont" residue
which can have a smaller or larger side chain volume than the original residue. The import
amino acid residue can be a naturally occwrring or non-naturally cccurring amino acid residue,

but preferably is the former.
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By "non-naturally occurring” amino acid residus is meant a residue which i3 not
encoded by the genetic code, buwt which is able to covalently bind adjacent amino acid
residue(s) in the polypeptide chain. Examples of non-naturally occurring amino acid residues
are norleucine, ornithine, norvaline, homeoserine and other amine acid residue analogues such
as those deseribed in Eliman et al, Meth. Enzym. 202:301-336 (1991}, for example. To
generate such nop-naturally occurring amino acid residues, the procedures of Noren et al.
Science 244: 182 (1%89) and Ellman et al, supra can be used. Briefly, this involves
chemically activating a suppressor (RNA with & non-naturally eccurring amino acid residue
followed by in vitro transcription and translation of the ENA. The methods of the current
invention, in certain embodiments, involve replacing at least one original amino acid residue
in an Igh heavy chain, but more than one original residue can be replaced. Normally, no more
than the total residues in the interface of the first or second polypeptide will comprise original
anino acid residues which are replaced. The preferred original residues for replacement are
"buried”. By "buried” is meant that the residue is essentially inaccessible to solvent, The
preferred import residue is not cysteine io prevent possible oxidation or mispairing of
disulfide bonds.

The protuberance ts “positionable”™ in the cavity which means that the spatial location
of the protuberance and cavity on the interface of the first polypeptide and second polypeptide
respectively and the sizes of the protuberance and cavity are such that the protuberance can be
located in the cavity withowt significantly perturbing the normal association of the first and
second polypeptides at the interface. Since protuberances such as Tyr, Phe and Trp do not
typically extend perpendicularly from the axis of the interface and have preferred
conformations, the alignment of a protuberance with a corresponding cavity relies on
modeling the protuberance/cavity palr based upon a three-dimensional structure such as that
obtatned by Xe-ray corystallography or nuclear magnetic resonance (NMR). This can be
achieved using widely accepted technigues in the art, inchuding technigues of molecular
modeling,

By "original nucleic acid” is meant the nueleie acid encoding a polypeptide of nterest
which can be "aliered” (Le. genetically engineered or mutated) to encode a protuberance or
cavity. The original or starting nucleic acid may be a naturally oconrring nucleic acid or may
comprise a nucleic acid which has been subjected to prior alieration {e.g. a homanized
antibody fragment}. By "altering” the nucleic acid is meant that the original nucleic acid is

mutated by inserting, deleting or replacing at least one codon encoding an amine acid residue
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of interest. Normally, a codon encoding an original residue ts replaced by a codon encoding an
import residue. Technigues for penctically modifying 2 DNA iIn this manner have been
reviewed in Mutagenesia: a Practical Approach, M. 1. McPherson, Ed., {IRL Press, Oxford,
UKL {1991}, and include site-direcied mutagenesis, cassefte mutagenesis and polymerase chain
reaction (PCR) mutagenesis, for example.

The protuberance or cavity can be "introduced” into the interface of the first or second
polypeptide by synthetic means, ¢.g. by recombinant techniques, in viwe peptide synthesis,
those technigues for introducing non-natwrally occurring amine acid residues previously
described, by enzymatic or chemical coupling of peptides or some combination of these
technigues, According, the protuberance or cavity which is "introduced” is "non-naturally

1

occurring” or "non-native”, which means that it does not exist in nature or in the original
polypeptide {e.g. & humanized monoclonal antibody).

Preferably the import amino acid residue for forming the profuberance has a relatively
small number of "rotamers” {e.g. about 3-6). A “rotamer” s an energetically favorable
conformation of an amino acid side chain. The number of rotamers for the varlous amino acid
residues are reviewed in Ponders and Richards, J. Mol Biol. 193 775-791 (1987

The term "host cell” as used in the current application denotes any Kind of celiular
systemt which can be engineered to generate the antibodies according to the current invention.
In one embodiment Chinese hamster ovary {CHO) cells are used as host cells,

As used herein, the expressions "cell” "cell line)" and "cell culture” are used
interchangeably and all such designations include progeny. Thus, the words "transformants”
and "ransformed cells” include the primary subject cell and cultures derived therefrom
without regard for the number of transfers. It is also understood that all progeny may not be
precisely identical in DNA content, due to deliberate or inadvertent mutations., Variant
progeny that have the same function or biclogical activity as screened for in the originally
fransformed cell are inclunded.

A nucleic acid is "operably linked” when it 1s placed in a functional relationship with
another nucleic acid sequence. For example, DNA for a pre-seguence or secretory leader is
operably linked to DNA for a polypeptide if it is expressed as a pre-protein that participates in
the secretion of the polypeptide; a promoter or enhancer is operably linked to a coding
sequence if it affects the transeription of the sequence; or a ribosome binding site is operably
linked 10 a coding sequence if it is positioned so as to facilitate translation. Generally,

“operably linked" means that the DNA sequences being linked are contiguous, and, in the case
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of a secretory leader, contiguous and in reading frame. However, enhancers do not have to be
contiguous. Linking is accomplished by ligation at convenient restriction sites. If such sites do
not exist, the symthetic oligonucieotide adaptors or linkers are used in accordance with

conventional practice,

Detailed Diescrintion

Ight is the first immunoglobulin produced by B cells in response fo stimulation by
antigen, and s present at around 1.5 mg/mi in serum with a halflife of 5 days. IgM is a
pentameric or hexameric molecule. Just as {gd3, IgM monomers consist of two light and two
heavy chains. However, while IgG contains three heavy chain constant domains (CHI, CH2
and CH3), the heavy (1) chain of IgM additionally contains a fourth constant domain (CH4),
simitarly to the ¢ heavy chains in IgE. This extra constant domain is located in place of the
IgG and IgA proline-rich hinge region that i3 responsible for the rotational flexibility of the
antigen-binding Fab domains relative to the Fo domain of 1gG and IgA antibodies.

Five IgM monomers form a complex with an additional small polypeptide chain (the ]
chain} o form a native IgM molecule. The F chain is considersd to facilitate polymerization
of 1 chains before g i3 secreted from aniibody-producing cells, While cryvstallization of
Ighd has proved to be notoricusly challenging, Ceajkowsky and Shao (PNAS 106(35):14960-
14965, 2009) recently published a homology-based structural model of IgM, based on the
structure of the [gE Fe domain and the known disulfide paivings. The authors report that the
human IgM pentamer is a mushroom-shaped molecule with a flexural bias.

In a natural penta- or hexameric IgM antibody molecule all heavy (u) chains are
identical and the light chains are identical as well. The present invention allows the
production of IgM molecules in which two p chains are different from sach other.

In one aspect, the present invention concerns bispecific binding molecules with
binding specificities to two different binding regions, having a penta- or hexameric structure,
formed by five or six bispecific binding units, wherein each of such bispecific binding units
has the same two binding specificities and comprises a first chain comprising at least a CM4
domain of an IgM heavy chain constant region conjugated to a first binding region to a first
binding target, and a second chain comprising at least & CM4 domain of an IgM heavy chain
constant region and 2 second binding region to a sccond binding targel, wherein the first and
second binding targets are different, and wherein the first and second chains are assernbled to
create a bispecific binding unit as a result of an asymmetric interface created between their
respective IgM heavy chain constant regions,
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In varicus embodiments, the IgM heavy chain constant regions additionally comprise
one ot both of the CM2 and CM3 domains or fragments thereof, and potentially other g
heavy chain coustant domain sequences.  In one embodiment, the binding molecules of the
present invention contain a complete 1gM heavy (@) chain constant domain, with one or more
modifications to create an asymumetric interface between two heavy chains.

Inn order to generate an Ighf molecule with two different p heavy chains (chains A and
13), a solution must be found for coupling the two matching p heavy chains (A and B) with
two different binding specificities to each other, In addition, if a light chain is needed to form
a binding region, a solution must be found to couple each heavy chain with fis matching Hght
chain to provide the desired binding specificity.

The coupling can be achieved by salt bridge pairs charge switching (also referred to as
charge swaps or charge reversals) between certain residues and/or by creating knobs-holes
interactions between the two chains. The heavy chains can also be paired with their matching
light chains by using the CrossMab technique. The different approaches can also be combined

in order to achieve an optimal result,

In another aspect, the present invention concerns mulii-specific binding molecules
with binding specificities to two or more different binding iargets, having a penta- or
hexameric structure.  The invention includes binding molecules comprising five or six
monospecific binding units, where (i) each of the monospecific binding units comprises two
fgh heavy chain constant regions each comprising at least a Cu3 and Cud domain conjugated
to a binding region to a binding target, (i) at least two of the monospecific binding units bind
to different binding target. The Invention further includes binding molecules comprising five
or six bispecific binding units, where (i) cach of the bispecific binding units comprises two
IgM heavy chain constant regions each comprising at least a Cpd and Cpd domain conjugated
o a binding region to a binding target, and (i) at least two of the bispecific binding units bind
to different binding targets. In a particular embodiment, the binding molecules are multi-

specific g antibodies.

In varicus embodiments, the 1gM heavy chain constant regions additionally comprise
a Tl domain or a fragment thereof, and potentially other IgM heavy chain constant domain
sequences.  In one embodiment, the hinding molecules of the present invention contain a
complete IgM heavy (p) chain constant domain, with one or more modifications {o create an

asymmetric interface between two heavy chains.
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Iu the multi-specific binding molecules of the present invention which contain at least
one bispecific binding unit, in order to generate an IgM molecule with two different y heavy
chains {chains A and B), a solution nwst be found for coupling the two matching u heavy
chains {A and B} with two different binding specificities to each other via an internal
asymrnelric interface. In addition, if a Hght chain is needed to form a binding region, 2
solution must be found to couple gach heavy chain with its matching Hght chain to provide the

desired binding specificity.

in addition, a solution must be found to create an external asymumetric interface
between the heavy chain constant regions of the neighboring monospecific binding units that

bind to different hinding targets,

Techniques for creating internal and external asymmetric interfaces tnclude, without
hmitation, salt bridge pairs charge switching {also referred to as charge swaps or charge
reversals) between certain residues and creation of knobs-holes interactions between two
chains. The heavy chains can also be paired with thelr mawching light chains by using the
CrossMab technigue. The different approaches can alse be combined in order to achieve an

optimal result.

1. Kuobs-into-Holes Technigue

To improve the yields of the penta- or hexameric bispecific or multi-specific binding
molecules of the present invention, the IgM heavy chain constant regions, e.g. the CM4, CM2
and/or CM3 domains, can be altered by the "knob-into-holes” technique which is described in
detail with several examples in eg. WO 98/027011, Ridgway, §., B., et al., Protsin Eng §
(1996} 617-621; and Merchant, A, M, et al, Nat Biotechnol 18 {1998) 677-681. In this
method the imteraction surfaces of two IgM heavy chain constant domaing are altered to
increase the heterodimerization of two heavy chalns with different binding specificities and/or
between a heavy chain and its matching Hght chaln. Each of the two heavy chain domains, e.g.
CM4-UM4, CM2-CM2 and/or CM2-CM3-CM4/CM2-CM3-CM4 can be the "knob", while
the other is the "hole”. The introduction of a disulfide bridge stabilizes the heterodimers
{(Merchant, A. M., et al., Nature Biotech 16 (1998) 677-681; Atwell, &, &t al, I Mol Biol.
270G {1997) 26-35) and increases the vield. Similarly, the matching heavy and light chains can
ve coupled to each other by this technique Zhu, Z.; Presta, L.G.; Zapata, G.; Carter, P.

Remodeling domein interfaces to enhance hererodimer formarion. Prot. Sci. 5:781-788 {1997y
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Following this approach, in the case of bispecific IgM binding molecules within the
original interface of the {H4, CH2 and/or CHI domains of one heavy chain that meets the
original interface of the corresponding domain of the other heavy chain within the bispecific
fght binding molecule (e.g. antibody), an amino acid residue may be replaced with an amino
acid residue having a larger side chain volume, thereby creating a protuberance within the
interface, which is positionable in a cavity within the interface of the corresponding domain in
the other IgM heaving chain constant region. Similarly, the second 1M heavy chain may be
altered, by replacing an amine acid residue within the interface with a corresponding domain
i the constant region of the first IgM heavy chain, with an amine acid residue having a
smaller side chain volume, thereby creating a hole {cavity) within the interface between the
two heavy chain regions.

Human IgM CM4 and CM2 domain interface residuss in knobs-holes positicus are
shown in Tables A and £ The Tables identify the native residue at the indicated positions of
the UM4 sequence shown in FIG. 4D and the CMZ sequence shown in FIG. 4B, respectively,
following the numbering shown in those Figures, as well as the potential mutations that can he
used to create knobs-holes patrs. Thus, for example, in the CM4 domain the native threonine
{1} residue in position 350 may be mutated into tyrosine (Y) to creste a knob, which can be
combined with any combinations of the potential mutarions listed for residues 332, 393 and
395 of the native CM4 sequence (Set #1), Additional mutations at positions 254 and 397, that
can be optionaily combined with Set #1 are shown in Set #2 and Set #3). Similarly, Set #4
exemplifies knobs mutations at positions 350 and 395 in combination with hole mutations at
one or more of positions 352, 393, 395, and 397, Additional mutations for combination with
Setf#4 are listed in Set #3 and Set #6, The rest of Table A can be read in a similar way. Some
of the sets also include charge introductions, i.e. changes from a non-charged residue to a
charged residue (similarly to Table C discussed below),

It is emphasized that the listed knobs-holes mutations in Sets #1-30 can be used in
various combinations as set forth in Table A, Furthermore, the listed mutations can be
combined with other knobs-holes andfor charge swap and/or charge infroduction mutations
listed in the rest of the Tables. Thus, one or more of the knobs-holes mutations set forth in
Table A can be combined with one or more of the knobs-holes mutations shown in Table I, in
any combination and/or with one or more of the charge swap/charge introduction mutations

listed in Tables B, €, ¥ and F, as discussed hereinbelow. Thus, one can select any set from
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Table A and mix it with any set from Table B, mixed with any set from Table C, etc., in any

order or combinaiion.

2. Salt bridge pairs charge switching {charge swapning)

(pposite charges attract and similar charges repel each other. The charge of an amino
acid molecule s pH dependent and can be characterized by the pK values, which are
determined for the alpha amino group (W), the alpha carboxy group () and the side chain for
free amino acids, The local environment can alter the pK, of 2 side chain when the amine acid
is part of a protein or peptide.

The charge properties of an amine acid molecule can also be characterized by the
isoelectric point {pl), which is the pH at which the overall charge of the molecule is neutral.
Since amino acids differ from sach other in their side chains, the pl reflects differences in the
ois of the side chains.

Most amine acids (15/20) have a pl close to 6 so they are regarded as having neuntral
overall charge. Asp and Glu are negatively charged, and His, Lys, Arg are positively charged,

In the interface between two binding units in the mushroom-shaped IgM complex there
are four salt bridges, above and below the disulfide bridge connecting the monomers. The
residues involved in these interactions (Lys-238, Lys-268, Asp-293 and Asp294) are the same
in the two moenomers, but their relative disposition in this interface is different, due o the
asynunetry of the CM3 domains in the IgM Fe structure,

Positions and amine acid residues for charge swapping or charge introduction
mutations are listed in Tables A, B, I, E, and F. As discussed above, or more of these
nuations, or sets of nuutations, can be combined with one or more sets of knobs-holes
mutations o provide a desired asymmetric interface between two different IgM heavy chaing

and/or between an g heavy chain and its matching light chain,

Preferably, the asymmeiric interface between two different IgM heavy chain constant
regions is created by up to 8, such as, for example, 1-& or 1-7, or 1-6, or 1-5, or 1-4, or 1.3, or
i-I mutations in one IgM heavy chain, or 2-10, or 229, or 2-8, or 2-7, or 2-8, or 2-5, or 2-4, or

2-3 combined mutations in the two IgM heavy chains.

For multi-specific binding molecules hereln, the external asymmetric interface is
created by an alteration in the Cu3 domain. In particular, to create an external asymmetric
interface, a salt bridge is formed by pair-wise switches between oppositsly charged amino acid

residues in the Cul domain. In various embodiments, the salt bridge providing the extemal
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asymmetric interface is formed by at least one pair-wise charged amino acid residue switch in
the Cp3-Culd domains, which may, for example be K238 « D293 or X268 «» D294 in the

neighboring p chains.

3, CrossMab echnigus

As discussed above, the knobs-into-holes technology or charge swapping enables
heterodimerization of the antibody heavy chains, Correct association of the light chains and
their cognate heavy chains can be achieved by exchange of heavy-chain and light-chain
domains within the antigen binding fragment (Fab) of one half of the bispecific antibody
binding urit.  Crossover can occur as a crossover of the complete VH-CM and VL-CL
domains, crossover of only the VH and VL domains. or the CM and CL domains within the
one half of the bispecific binding unit of an IgM antibody.  This “crossover” retains the
antigen-binding affinity but makes the two arms so different that lighi-chain mispairing can no
tonger cccur. For further details, in the context of 1g( antibodies, see, for example, Schaeffer

et al., (2011) Proc Natl dcad Sci US4 10827y 11187-11192,

4. Production of bispecific and multi-specific IgM bindine molecules

The coding sequences of the heavy chains of the bispecific IgM antibody binding
units, with the desired mutations {following the knobs-into-holes, charge swap and/or Cross-
Mab technique} may be produced by introducing appropriate nucleotide changes into the
antibody DMA, or by nuclectide synthesis. The antibodies can then be produced by
recombinait means.

Methods for recombinant production are widely known in the state of the art and
comprise profein expression in prokaryotic and eukaryotic cells with subsequent isolation of
the antibody and wsually purification to g pharmaceutically acceptable purity. For the
expression of the antibodies i a host cell, nucleic acids encoding the respective modified
heavy chains, and optionally light chains, are inserted into expression vectors by standard
methods. Expression is performed in appropriate prokaryotic or eukarvotic host cells like
CHO cells. N8O cells, SP2/0 cells, HEK293 cells, COS cells, PER.CH cells, veast, or £ coli
cells, and the antibody 15 recovered from the cells (supernatant or cells after lysis). General
methods for recombinant production of antibodies are described, for example, in the review
articles of Makrides, 8. C., Protein Expr. Purif 17 (1999) 183.202; Geisse, 8., et al., Frorein
Expr. Purifl 8 {1996} 271-282; Kaufman, R. J, Mol Biotechnol 16 2000) 151-161; Werner,
R. Q. Drug Res. 48 (1998} §70-880.
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The bispecific and multi-specific antibodies are suitably separated from the culture
medium by conventional immunoglobulin purification procedures such as, for example,
mrotein A-SEPHAROSE®, hydroxvlapatite chromatography, gel electrophoresis, dialysis, or
affinity chromatography.

Although due to its complex structure, the large scale production of recombinant IgM
has been difficult, several recombinant production systems for fgM using non-lymphoid cells
have been reported, ineluding co-expression of the IgM heavy (H) and light (L) chains in 6
ghioma cells, CHO cells, and HeLa cells, While the co-expression successfislly resulted in the
formation of polymer, the vields were typically low (see, g WORS/Q1973 and Wood et al, L
bumunol. 145, 3011-3016 (19%0) for expression in CHO celis), and the exact polymeric
structure of the penta- or hexameric molecules could not be readily determined. Production of
Ighf in an immortalized human retina cell Hne expressing F1A and EIB proteins of an
adenovirus is deseribed in U, 5. Application Publication No. 20060063234, Further detatls of
the production of the bispecific IgM antibodies of the present invention are provided in the
Example below.

The methods of the present invention will result in & composition comprising a
tispecific or multi-specific IgM binding meleculs, such as a bispecific or multi-specific g
antibody, as the main component, in combination with various by-products of the
manutacturing process, such as monospecifie anfibodies, antibody fragments, meonomers,
dimers, trimers, andfor ietramers of the bispecific binding unil, instead of the desired
pentameric or hexameric structure. The compositions produced will generally contain at least
about 70%, or at least about 75%, or at least about 8%, or at least about £3%, or at least
about #0%, or at least about 92%, or at least about 939%, of the desired penta- or hexameric

ispecific binding molecule, ¢.g. antibody, which will be further purified by methods known
i the art o yield a product with a purity of at least about 909, or at least about 95%, or at

ieast about 98%, or at least about 99%, or at least about 99.5%, or at least about 99.9%,

5. Applications of the bispecific and multi-snecific IeM binding molecules

The bispecific and multi-specific IgM binding molecules, e.g. antibodies, of the
present invention have widespread therapeutic and diagnostic applications,
in one embodiment, the bispecific binding molecules herein bind to two sites on the
same soluble target, such as, for example, VEGF, TNFq, or fL6. The purpose may, for
example, be antagonizing multiple sites on the protein and/or fncreasing the avidity to a given
target,
28
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in another embodiment, the bispecific or multi-specific hinding molecules herein bind
two or more sites on the same cell surface (receptor) target, such as EGFR or HER2 (ErbB2).
Thus, for example, a bispecific or mulii-specific binding molecule might target both the 458
and the 2C4 epitopes on a HERZ molecule. This approach may increase bio-potency andfor
avidity to a given targel.

in yet another embodiment, the bispecific or multi-specific binding molecules of the
present wvention bind two or more different soluble targets (globular proteins or peptides),
e.g, TNFo and ILS, VEGFa and Ang2, or two cytokines. This approach might result in more
complete blocking a specific pathway; blocking of the so called “cyvickine storm,” or
coordinate an enzyme and 15 substrate, e.g. Factor IXa and Factor X,

In a further embodiment, the bispecific or multi-specific binding molecules herein may
bind a soluble target and a cell surface receptor target, such as an anglogenic factor and neo-
vascular apecific receptor. The purpose of this approach may also be increased delivery and
blockade at specific sites or tissues.

In a still further embodiment, the bispecific binding molecules herein are designed to
bind two different cell surface receptor targets, such as, for example, HER2 (ErbB2) and
HER3 {(ErbB3). Similarly, the multi-specific binding molecules herein can be designed to
bind two or more different cell suwrface recepior targets, such as, for example, HERI, HER2
(ErbB2) and HERDY (EybB3). This may result in enhancing specificity and selectivity and/or in
more complete blocking of a given pathway.

Bispecific and mulii-specific binding melecules, such as antibodies, of the present
invention may also be designed to bind one soluble target or cell surface receptor target and a
long residence time target, such as, for example, TNFo and serum albumin, or VEGF and
serum albumin, These molecules are expected to have longer circulating half-life than binding
molecules without the albumin specificity.

I a further embodiment, the bispecific binding molecules herein may bind one soluble
target and a matrix protein or a substrate, such as, for example, VEGFo and hyaluronic acid.
Similarly, the multi-specific binding molecules herein may bind one or more soluble targets
and one or more matrix proteins and/or substrates, such as, for example, VEGFu and
hyahwonic acid.  The resultant bi- or multi-specific binding molecules may find utility, for
example, In anti-angiogenic therapy of ocular conditions, such as age-related macular

degeneration (AMD), due to their increased residence time in the intraccular space,

Lt
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Bispecific molecules, e.g. antibodies binding one soluble or receptor target, plus a
transporter receptor (Jg transferrin receptor), e.g. anti-EGFRvHE (mutant form with exon [
deleted) found glioblastoma combined with anti-ransferrin specificily, can find utility in
antibody delivery across blood brain barrder,

Similarly, multi-specific molecules, e.g. antibodies binding one or more soluble or
receptor targets, plus one or more fransporier receptors (e transferrin receptor), e.g. anti-
EGFRVI {mutant form with exon I deleted} found glioblasioma combined with anti-

transferrin specificity, can find uility in antibody delivery across blood brain barrier.

6. Compositions, pharmmacentical compositions, and methods of treatment

I one aspect, the invention concerns compositions comprising purified bispecific or
muiti-specific IgM binding molecules, such as bispecific or multi-specific [gM antibodies
herein. The compositions generally will contain at least about 80%, or at least about 85%, or
at feast about 90%, or at least about 92%, or at least about 95%, or at least about 98%, or at
least about 88% of the desired bispecific or multi-specific IgM binding molecule, e,
antibedy. The composition may be & pharmacentical composition, where the bispecific or
multi-specitic binding molecule, e.g. antibody, is in admixture with at least one
pharmaceutically acceptable carrier,

A pharmaceutical composition of the present invention can be administered by a

griety of metheds known in the art. As will be appreciated by the skilled artisan, the route
and/or mode of administration will vary depending upon the target disease or condition and
the desired results. To administer a compound of the invention by certain routes of
administration, it may be necessary o coat the compound with, or co-administer the
compound with, a material to prevent its inactivation. For example, the compound may be
adrninistered {0 a subject in an appropriate carrier, for example, lposomes, or a diluent,
Pharmaceutically acceptable diluenis include saline and aqueous buffer solutions.
Pharmaceutical carriers include sterile agqueous solutions or dispersions and sterile powders
for the extemporaneous preparation of sterile injectable solutions or dispersion. The use of
such media and agents for pharmaceutically active substances is known in the art.

The compositions may also contain adjuvants such as preservatives, wetting agents,
emulsifying agents and/or dispersing agents. Prevention of presence of microorganisms may
be ensured both by sterilization procedures and by the inclusion of various antibacterial and
antifungal agents, for example, paraben, chicrobutancl, phenol, sorbic acid, and the like It

may also be desirable to include isotonic agents, such as sugars, sodium chloride, and the like
3]
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into the compositions. In addition, prolonged absorption of the injectable pharmaceutical form
may be brought about by the inclusion of agents which delay absorption such as aluminum
monostearate and gelatin.

Actual dosage levels of the active ingredients in the pharmaceutical compositions of
the present invention may be varied so as o obtain an amoeunt of the active ingredient which is
effective 1o achieve the desived therapeutic response for a particular patient, composition, and
mode of administration, without being toxic (o the patient. The selected dosage level will
depend upon a variety of pharmacckinetic factors including the activity of the particular
compositions of the present invention emploved, the route of administration, the time of
admimstration, the rate of excretion of the particular compound being employed, the duration
of the treatment, other drugs, compounds and/or materials used in combination with the
particular compositions employed, the age, sex, weight, condition, general health and prior
medical history of the patient being treated, and like factors well known in the medical arts.

The composition must be sterile and fluid to the extent that the composition is
deliverable by syringe. In addition {o water, the carrier preferably is an isotonic buffered saline
solution,

The following exarples, sequence Hsting and figures are provided to aid the
understanding of the present invention, the true scope of which is set forth in the appended
clairus. It s understood that modifications can be made in the procedures set forth without
departing from the spirit of the invention.

All patent and sciemtific references cited throughout this disclosure are hereby
expressly incorporated by reference herein.

Example |

1. Generation of DNA constructs with desizned mutations

Materials and Methods
a. DINA construgt synthesis

All DNA constructs with designed mutations were synthesized by commercial vendors
{Genewiz, Inc.}, with compatible restriction sites at both ends for subcloning into respective

expression vectors, using methods well known in the art.

b. Construction of expression vectors

32
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The synthesized DNA constructs were re-suspended in Tris-BEDTA buffer at 1 pyg/ml
DNA (T pg) was subjected to enzyme digestion and the synthesized gene was separated from
the carrier plasmid DNA by electrophorssis. The dipested DNA was ligated io pre-digesied
plasmid DNA (pPUSEss-CHIg-hM*03 for p chaing pFUSEZ2ss-CLIg-hk for kappa chain,
Invivo(Gen) by standard molecular bislogy technigues, The ligated DNA was transformed into
competent bacteria and plaied on LB plates with multiple selective antibiotics. Several
bacterial colonies were picked and DNA preparstions were made by standard molecular
biology techniques. The prepared DMNA was verified by sequencing. Only the bacterial clones
with 100% mateh of BNA sequence with the designed DNA seguence were used for plasmid

DMA preparation and subsequently for cell transfection.
L. w Chains of different size

In order to demonstrate that two different g chains with or without CM4 interaction
interface mutation (A and B) were able to couple together, two sets of different sized u chains

were constructed with distinet molecular weights and ligand specificities.

i. The Rfx chain is composed of 2 p chain for the chimeric anti-CDZ0
antibody Rituxan (Rituximab) Vh region fused with the CM1 region of human

{ght antibody ¢ chain with a C2918 muistion and tail plece deletion:

QVOLQOPGAERLVEPGASVKMSCKARGYTFTSYNMHWVEQTPGRGLE
WIGATYPONGDTSYNOKFKGKATLTADKESSSTAYMOQLSSLTSEDEAVY
YCARSTYYOGDWYFNVWOAGTTVIVESGSASAPTLFPLVSCENSPSDT
SEVAVGCLAQDFLPDSITFSWEYRKMNNSDISSTRGFPEVLRGGEYAATSG
YVILESKDVMOGTDERVVCEVOHPNGNKEKNVPLPVIAELPPEVSVEVP
PRUOGFFONPRESKLICQATGRSPROIQVSWLREGKQVGSGVTTROV(A
EAKERGPTTYRVTSTLTIKESDWLSOSMFTCRYDHRGLTFQONASSMC
YPDODTAIRVEAIPPSFASFLTHSTRLETCLVTDLTTYDEVTISWTRONG
EAVEKTHTNISESHPNATFEAVOEARISEDDWNSGERFTCTVTHTDLPSPL
ROTISRPEOVALHRPDVYLLPPAREQLNLRESATITCLVTGFSPADVEY
QWMORGQPLESPEKYVTSAPMPEPQAPORYFAHSILTVSEEEWNTGETY
TCVYAHEALPNRVTERTVD

(SEQID NG I}
The Rix chain has a calculated molecular weight about 60kD (withowt glycosyiation)

and 66K (with 4 N-glycosylation sites) and is able to bind to CD20 positive B cells, such as

Raii ceils,
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1. The Fe chain comprises human [gM u chain CM2 1o CM4 regions, carrving
a chMye tag and having itz tail pisce replaced by 6His tag and having a C2918

mutation:

GEGEKVEVEVPPRDGFFGNPRESKLICQATGFSPROIQVEWLREGKQVEG
SOVITDOVOABAKESGPTTYRVISTLTIKESDWLEQSMFTCRYDHRGL
TFQOUNASSMOVPDODTAIRVEAIPPSFASIFLTKSTRLTCLVTDLTTYDS

VTISWTRONGEAVKTHTNISESHPRNATFSAVGEASISEDDWNSGERFTC
TVTHTDLPSPLEQTISRPEGVALHRPDVYLLPPAREQLNLRESATITCLY
TOFSPADVIVOWMORGOPLSPEKYVTISAPMPEPGAPGRYFAHSILTVS

EEEWNTGETYTCVVAHEALPNRVTERTVDESTGKCOGSEGKLISEEDL
NSAVDHHHHEH

(SEQ 1D NG D)

The Fe chain has a molecular weight about 39D (withowt glycosylation) and
43KEr {with 3 N-glycosylation sites) and is able to bind 1o anti-myc monoclonal

antibody 9E4 or other anti-mye antibodies.

il The Okt chain is composed of g single chain Fv version of QK13 {anti-

CB3} fused with M2 of human mu chain with C2915 and tail plece deletion:

QVQLOQSGAELARPGASVEMSECKASGY TFTRYTMHWVKGQRPGOGLE
WIGY IMNPSRGY TNYNQKFKDKATLTTDKSSSTAYMOLSSLTSEDSAVY
YCARYYDDHYSLDYWOQGTTLTVSSGCGGSGOGORGGGGSQIVLTOS
PAIMEASPGERVTMTCSASSSVEYMNWYQUKSGTSPKRWIYDTEKLAS
OYPAHFROSGSGTEYSLTISGMEAEDAATY YCQOQWSSNPFTFGEGTKL
BIKGSGSEVEVEVPPRDGFFGNPRESKLICOATGFSPROIQVEWLREGK
QVGRCGVTTIROVOARAKESGPTTYKVTETLTIKESDWLSOSMETCRVDH
RGLTFQUNASSMCVYPDODTAIRVEFAIPPSFASIFLTKETKLTCLYTDLTT
YDSVTISWTRONGEAVRETHTINISESHPNATFSAVGEASISEDDWNSGER
FIOTVTHTDLPSPLEQTISRPEGVALHRPDVYLLPPAREQLNLRESATIT
CLYTGESPADVEVOWMOQRGOPLSPEKYVTSAPMPEPOAPGRYFAHSIL
TYSEEEWNTOETYTCVVAHEALPNRVTERTVD

(3EQ ID NO: 3)

The Okt chain has a calculated molecular weight about 61kD withowt
glycosylation and 67kD including 4 N-glveosylation sites, and is able to bind o

CD3 positive T cells.

Light chain coupling
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. Native chimeric Rituxan kappa {x} chain

QIVLSOSPAILSASPGEKVIMTCRASSSVEYIHWEFQUKPGESPKPWIYAT
SNLASGVPVRFSGSGSGISYSLTISRVEAEDAATYYCQOQWTSNPPTYGEG
GTKLEIRKRTVAAPSVHIFPPEDEQLESOTASYVCLLNNFYPREAK VWK
VINALGSGNSQESVTEQDSKDETYSLESTLUTESKADYERHKVYACEVT
HOGLSSPVTRSFNRGEC

(SEQ IDNO: 4

The kappa chain has a calonlated molecular weight about 23kD and is able to

ink to Rituxan IgM heavy chain.
£ interface mutations

Knobs and holes, elecirostatic charge coupling were asymmetrically introduced into
the CM3 interaction interface to maximize hetero-dimerization of two u chains, Two pairs of

CM3 interaction interface mutanis were generated,

28

23

i Fela ts a human g chain CHZ o CH4 region with C2918 and T350Y

mutations and tail piece deletion:

GSGSKVAVEVPPRDGFFONPRESKLICQATOGFSPROQIQVEWLREGKOVEG
SGVTTDOVOABAKESGPTTYRVISTLTIKESDWLSQSMEFTCRVIHRGL
TFQONASSMOVPDOQUTAIRVEAIPPSFASIFLTRKSTKLTCLVTDLTITYDS
VTISWTRONGEAVRKTHTNISESHPNATFSAVGEARISEDDWNEGERFTC
TVTHTRLPSPLKOTISRPROVALHRPDVYLLPPAREQLNLRESATIYCLY
TOFSPADVEVOWMQRGOPLSPEEYVTSAPMPEPQAPGRYFAHSILTVS
EEEWNTGETYTCVVAHEALPNRVTERTVRKSTGK

(SEQ ID NG §)

The Fela chain has a calenlated molecular weight about 36kD without

glyeosylation and 41kI if 3 N-glveosylation sites are included.

il. Felb is human g chain CHZ to CH4 and with C2918, L3828 and H393V

mutations and tail pisce deletion

GRGSEKVSVEVPPRDGFFONPREKSKLICOQATOFSPROIGVSWLREGKQVE
SGVITDOVOQABAKESGPTTYRKVTSTLTIKESDWLSQSMEFTCRVDHRGL
TFOONASSMOVPDQDTAIRVEAIPPSFASIFLTKSTKLTCLYTDLTTYDS
YTISWTRONGEAVKTHTNISESHPNATFSAVGEASISEDDWNSGERFTC
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TYTHTDLPSPLKOTISRPKGVALHRPDVY LLPPAREQLNLRESATITCEY
TOFSPADVEYOWMOQRGOPLEPERYVTSAFMPEPQAPGRYFAVEILTVS
EEEWNTGETYTCVYVAHEALPNRVTERTVDESTOK

(SEQ D NG &)

The Feib chain has s calevlated molecular weight about 36kD) withowt

glycosylation and 4 1kD including 3 N-glycosylation sites,

tit. Fela consists of g human u chain CH2 to CH4 region with C29185, T350Y,

TI34E, and 1397E mutations and tail plece deletion.

CRGSEYSVIVPPRDGFFONPRKSKLICOQATOFSPROIGVSWLREGK VG
SGYITDOVQOAEAKESGPTTYRKVISTLTIKESDWLESQSMETCRYDHRGL
TROONASSMOVPDQDTAIRVEFAIPPSFASIFLTRKSTELTCLVIDLTTYDS
YTISWTRONGEAVEKTHTNISESHPNATFSAVUGEASISEDDWNSGERFTC
TYTHTDLPSPLKOTISRPROVALHRPDVYLLPPAREGLNLRESATIYCLY
EGEFSPADVEVOWMORGOPLSPEKYVTSAPMPEPQAPGRYFAHSELTVYS
EEEWNTGETYTCOVVAHEALPNRVTERTYDKSTGK

(SEQ D NG: 7

The FeZa chain has a caleulated molecular weight of about 36kD without

glycosylation and 41k including 3 M-glveosylation sites.

iv. FeZb is human u chain CH2 to CH4 and with C2918, L3528, T354K,
H395V, and 397K mutations and tail pigce deletion,

GSGSEVYSVEVPPRDGFFONPRESKLICQATOPFSPROIQVEWLREGREQVG
SGVTTDOVOAEAKESGPTTYRVTSTLTIKESDWLSGSMFTCRVDHRGL
TPOQONASSMCYPDODTAIRVEAIPPSFASIFLTKSTKLTCLVTRLTTYDS

YVTISWTRONGEAVEKTHTNIRESHPNATFSAVOEASIREDDWNEGERFTC
TYTHTDLPSPLEQTISRPRGVALHRPDVYLLPPAREGLNLRESATITCSY
KGFsPADVFVOWMORGOPLEPEKY VISAPMPEPQAPGRYFAVEELTVS
EEEWNTGETYTCVVAHEALPNRVTERTVDKETGK

(SEQ 1D KRG8
The Felb chain has a calculated molecular weight of abowt 38kID withowt

glyeosylation and 41kD including 3 N-glyeosylation sites,

Interface mutations
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Fe2a chain and FeZb chain with knobs, holes, and electrostatic charge coupling were
further linked fo both Rituxan and the QK13 {(anti-CD3 antibody) sc¥v by molecular cloning

for asymmetrically hetero-dimerization of two 4 chains,

£0

P
N

28

i RinZa is composed of a u chain for chimeric Rituxan (anti-CD20Y Vh
region fused with CM1 to CM4 of human p chain with C2918, T350Y, T354E,

and 1397 mutations and tail pisce deletion.

OVOLOOQPGAELVEPGASYVEMSCKASGYTFTESYNMHWVKGTPGRGLE
WIGAIYPONGDTSYNOQRKFRKORATLTADKSSETAYMQOQLSSLTSEDSAVY
YCARSTYYGODWYINVWOAGTTVTVESGSASAPTLFPLVSCENSPSDT
SSVAVGCLAQDFLPDSITFSWEKYKNNSIISSTROFPSVLRGORKYAATRQ
YVELPSKDVMQOTDEHVVUEVOHPNONEEKNVPLPVIAELPPKYEVEVE
PRODGFFONPRKSKLICQATGESPROIQVEWLREGREQVGSGVTTDOVQA
EAKESGPTTYRKVTSTLTIKESDWLSQEMEFTCRVDHRGLTFOONASSME
VPR TAIRVEAIPPSFASIFLTESTRLTCLVTIDLTTYDSVTISWTRONG
EAVKTHINISESHPNATFSAVOEASISEDDWNSGERFTCTYTHTDLPSPL
KOTISRPKOGYVALHRPDVYLLPPAREGLNLRESATIYCLVEGFRPADVEY
OWMORGOPLSPEEYVTIRAPMPEPQAPGRYFAHSELTVSEEEWNTGET
YTICVVAHEALPNRVTERTVDEKSTGH

(SEC 1D NO: 9)

The Rixda chain has s calculated molecular weight of sbout 61kD without

glycosylation and 67kD with 4 N-glycosylation sites.

i, HixZh is composed of a8 u chain for chimerie Rituxan {anti-CD2G) Vh
region fused with CMI1 to CM4 of human mu chain with C2918, L3528

T354%, H3I95V, and 1397K mutations and tail plece deletion,

QVOLOQOPCGAELVEPGASVKMSCKASGYTITSYNMHWVEQTPGRGLE
WIGAIYPONGDTSYNOKFKGKATLTADKSSSTAYMOLESLTSEDSAVY
YOCARSTYYGGDWYFNYWOAGTTVTVESGSASAPTLFPLVSCENSPSDT
SSVAVGCLAQDFLPDSITFSWEYENNSDISSTRGFPEVLRGGEYAATSG
VLLPSKDVMOQGTDEHVYCKVGHPNGNKEKNYPLPVIAELPPRVEVEVE
PROGFFGNPRESKLICQATGRFSPROIGVSWLREGKOVGSGVTTROVRA
EAKERGPTIYEVTSTLTIKESDWLSQSMFTCRVDHRGUTFQOUNASSMC
YEDODTAIRVEAIPPSFASIFLTESTRETCLVTDLTTYDSVTISWTROMNG
EAVETHINISESHPNATFRAVGEARISEDDWNSCGERFTCTVTHTDLPSPL
KOTISRPRGVALHRPDVYLLPPAREQLNLRESATITCSVAGFSPADVEY
OWMORGQPLSPEKYVTISAPMPEPQAPCORYFAYSKLTYSEEEWNTGET
YTCYVAHEALPNRVTERTVDKSTGK

(SEG 1D NO: 10)
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The Rix2b chain has a calculsted molecular weight of about 815D without

glvcosylation and 67kD including 4 N-glyveosylation sites.

iti. Oktda is composed of OKT3 {(anti-CD3 antibody) scFv fused with CM2 1o
CM4 of human i chain with C2818, T350Y, T334E, and 1397F mutations and

tail piece deletion.

OVOLOOSGARLARPCASVEMECK ASGYTFTRY TMHWVKQRPGQGLE
WIGYINPSROY TNYNQKFKDKATLTTDK SSSTAYMOLESLTSEDSAVY
YCARYYDDHYSLDY WOQGTTLTVSSGGGOSGOOGSGGGGaQIVLTOS
PAIMSASPGEKVTMTCSASESVSYMNWYQOKSGTSPKRWIVITSKLAS
GVPAHFRGSGSOTSYSLTISGMEAEDAATY YCOOWSENPRTFGSGTRL
FIKGSGSKVEVEVPPRDGIFGNPRESK LICQATGFSPROIGVSWLREGK
GVGSGVTTDOVOARAKESGPTTYKVTSTLTIKESDWLAQSMFTCRYIH
ROGLTFQONASSMOVPDODTAIRVEAIFPSFASIFLTKSTKLTCLYTDLTT
YOSVTISWTRONGEAVE THTNISESHPNATFSAVGEASISEDDWNSGER
FTCTVTHTDLPSPLEQTISRPRKGVALHRPDVYLLPPAREOQLNLRESATIY
CLYEGESPADVIVOWMORGOPLSPEK YV TSAPMPEPOAPGRYFAHSE
LTVSEEEWNTGETYTCVVAHEALPNRVTERTVDKSTGK

(SEC D NO: 11)

The Okila chain has a calculated molecular weight about 62kD without

glveosylation and 68kD including 4 N-glycosylation sifes.

iv. Oda2b is composed of OKT3 (anti-CD3 antibody) seFv fused with CMZ o
CMé4 of human p chain with C2915, L3528, T354K, H3I95V, and 1397K

mutations and tail piece deletion,

QYQLOOSGAELARPCGASVEMSCKASGY TFIRYTMHWVKQRPGQGLE
WIGYINPSROYTNYNQEFEKDKATLTTDRESETAYMOQLESLTSEDSAVY
YCARYYDDHYSLDYWOGQOTTLTVESGGOGSGUGUSGGGGSQIVLTES
PAIMSASPGEREVTMTCSASSEVEYMMNWYQOKSGTSPERWIYDTSKLAS
CGYPAHFROGSGSGTSYSLTISGMEAEDAATYYCGQOWESNPFTFGSGTKL
EIKGEGEEKVEVEVPPRDGFFONPRESKLICQATGRSPROIGVSWLREGK
QVGSGVTTDOVORAEARESGPTTYKVTSTLTIKESDWLSQSMFTCRVDH
ROGLTFQONASSMCVPDOQDTAIRVEAIPPEFASIFLTRSTKLTCLYTDLTT
YOSVTISWTRONGEAVK THTNISESHPNATFSAVGEASISEDDWNSGER
FICTVTHTDLPSPLKOTISRPKGYVALHRPDYVYLLPPAREQLNLRESATIT
CeVACGESPADVEVOWMQRGQPLEPELY VISAPMPEPQAPGRYFAVSKL
TVSEEEWNTGETYTCVYAHEALPNRVTERTVDESTGK

(SEG D NG: 12}
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The ©kZb chain has a caleulated molecular weight about 62D withowt

glveosylation and 68kD including 4 N-glycosylation sites.

2. Protein expression, purification and characterization
8. Transfection
3 fgM was made by co-transfection of several different expression vectors at equal molar

ratios infte mamnmalian cells, such as 293F ceils (Invitrogen). 10ug of mixed DNA for

expression vectors were mixed with 20 ul of 293Fectin (Invitrogen) for 30 minutes at room

temperature in 2mi of Opti-MEM (Invitrogen) and then added to 107 293F ceils. Transfections

with 293F cells were incubated for 72 hows post-transfection before harvesting the

10 supematant,

b.
15
20
25 "

Protein purification by bmmunoprecipiiation.
i Capture Select IgM (Catalog 2880.05 , BAC, Thermo Fisher)

Transfected supernatant were harvesied by centrifugation at 2,000G for 10
minutes. IgM proteins were purified by immunoprecipitation with affinity
Capture Select IgM affinuty matrix. 1004l of Capture Select IgM shurry were
added to 15ml of harvested supernatant. The supernatant and affinity matrix
mixtures were incubated a8t room temperature for 2 hours on a rocker. The
affinity matrices were then centrifuged at 300g for 2 minutes, decanting the
solution, The affinity matrixes were further washed with PBS plus 0.05%
Tweern for 3 times. Finally, the purified IgM proteins were washed off from
affinily matrices by incubating 20ul of 4x LSD sample loading buffer
(Invitrogen} at reom temperatuwre for 5 minutes, followed by cenirifuging ai
13,000g. The affinity matrixes were further washed with 60pl of PBS and the

supernatant were pooled for analysis by gel elecirophoresis,
(el electrophoresis

i MNen-reducing SBS PAGE

3B
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Non-reducing SDS PAGE was used o separate various mutant IgM proteins of
different molecular weights. Novex 4-12% Bis-Trs Gel {(Life Technologies)

was used with Novex MES SDS Running Buffer (Life Technologies).
it, Reducing SDS-PAGE

NuPage LDS sample buffer (Life Technologies) and NuPage reducing agent
dithiothreitol (Life Technologies) were added to IgM protein samples and
heated to 80°C for 10 minutes before loading on Nulage Novex 4-12% Bis-
Tris Gel (Life Technologies, cat# NP0322) NuPage MES SDS Running
Buffer (Life Technologies, cat# NPOOUZ) was used for gel electrophoresis.
After electrophoresis is complete, the gel was removed from the apparatus and

stained using Colloidal Blue Staining (Life Technologies, manual #1C602S.
iit. Gel band quantitation

Protein gels are dried, then digitized using image scanner. The gel images are
processed with Image J program and the amount of protein in a specific band is

determined using the gel quantitation function,
v, Analysis of SDS-PAGE gels

BooFe wmcluding wild-type and engineered IgM Fo pair 22 and 2b SDE-PAGE
gels. Lanes 1, 2, and 3 on the non-reduced SDS-PGE gel (FIG. 6) show an
upper band tor homodimenic Rix (H2L2, expected MW 168180 kda) and a
fower band for halfantibody (HL, expected MW 84-80 kDa) for RtxZa alone,
Bix2b alone and wild-type Rix. A band for unassociated Fe {expected MW 36-
41 kDDA is present in all three lanes; associated Fo {expected MW 72-82 kDa)
may also be a component of the 80-90 kDa band. Lane 2 shows the mbxture of
RopZaFeZb and lane 3 shows the mixture of Rtx@bFeZa. In both lanes
heterodimer {expected MW 120-131 kDa) is indicated with an arrow. The
engineered BixZaFelb and Rox2hiFels combinations both show the presence
of sigmficant heterodimer whereas the wild-type Rix:Fe combination shows

only a small amount of heterodimer.
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The Fe is indeed present as seen in lanes 123 of the reduced SDS-PAGE shown
in FIG. 7 top band is R heavy chain {expected MW 61-67 kDa), middie band
is Fe {expected MW 36-41 kDa), and bottom band is Rix Hght chain {expected
MW 23 kDa

OktFe including wild-type and engineered Igh Fo pair 2a and 2b , SDS-
PAGE, FIG. &, lanes -3

Wild-type Okt:Fe combination (8DE-PAGE, FIG. 8, lane 1} shows an upper
band of Ckt:Fc heterodimer {expected MW 98-107 kDa), a bottom band for
unassociated Fo {expected MW 36-41) and & large middie band representing
associated Fe {expected MW 72-82). In contrast, for the QktZa:Felb and
Okt2b:FeZa combinations, the SDE-PAGE gel shown in FIG. §, lane 2 shows a
prominent band for the heterodimer and very light bands for associated Fe2b
and the OkiZa homedimer sbove and congruent with the OktZa¥Felb

heterodimer. The arrow indicates the heterodimer,

Both the OktZa and Felb are present in the reduced gel (SDS-PAGE gel shown
in FIG. 9, lane 2). Similar results are seen for the Ok2b:Fela pair on gels

shown in FIGs, 8 and 8.

Okt:Rix including wild-type and engineered IgM Fo pair 2a and 2b SDS-PAGE
gels shown in FIGs, € and 9, lanes 4-6

Wild-type Oki:Rix combination (SDS-PAGE gel shown in FIG. §, lane 4)
shows a band of wi Rix homodimer (H2L2, expected MW 168-180 kia), a
band of wt Rix half~antibody (HL, expected MW 84-20 kDa) and a light band
that may be Okt homodimer {expected MW 124-133 kDa).  In contrast, the
engineered Okt2a:Rx2b combination (SDS-PAGE gel shown in FIG. §, lane 5)
shows the presence of significant heterodimer (expected MW 146-157) a5 well
as Rix2b homodimer {expected MW 168-180 ka) and halfantibody {expected
MW 84-9G kD). When reduced (SDS-PAGE gel shown in FIG. 9, lane 5), the
RixZb light chain shows a band at MW 23 kDa; the heavy band between 60-80
kDA 18 likely comprised of Rix2b heavy chain {expecied MW 61-67 kDa) and
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OktZa heavy chain (expected MW 62-67 kida). Similar resulis are seen for the
Oki2b:RixZa pair.

Conclusions:

For all three systems tested - OkuRix, Okt:'Fe, RooFe - the engineered IgM Fo
variants showed substantially incressed heterodimer formation compared © native (non-
engineered) IgM Fe. A single palr of seguences (l.e., Fes 2a and 2b) were tested and
additional variants of the engineered Fo interface can be evaluated to fAmther reduce

homodimer formation and optimize heterodimer formation.

3. Bispecifie funciional analvsis

a. ELISA analvsis for two ligands

ight with OKT3 (chain A} and cMyc peptide (chain B) is assayed by BLISA analysis
with soluble CE3 epsilon protein capture and anti-chdye (SE10} detection. Soluble CDi3e
protein is coated on ELISA plate at 2 mg/ml in 130 mM of NaHTO, followed by blocking
with 3% BSA in PBS. Supematant (100 ul) containing transfected IgM-OKT3-cMyc is added
to blocked ELISA plate for 4 hours at 25 €. After washing with PBS, the 9810 antibody is
added to the ELISA plate for 2 hows at room temperature. Anti-mouse IgG-HEP is added
following washes with PBS. The existence of bi-specific IgM is detected by reading with OD
430 after adding HRP substrate,

Fghd with Okt3 (chain A) and Rituxan (chain B} is assayed by BLISA analysis with
soluble CD3 epsilon protein capture and Protein-L-HRP detection. Soluble CD3e protein is
coated on ELISA plate at 2 mg/mi in 150 mM of NaHCO; following by blocking with 3%
BSA in PBS. Supernatant (100 upl) containing wansfected IgM-OktaRixh or Okibh:Rixa is
added 1o blocked ELISA plate for 4 hours at 25 €. Afier washing with PBE, the Protein-L-
HRY is added to the ELISA plate for 2 hours at room temperature. The existence of bi-specific

lgMis detected by reading with OD 430 after adding HRP substrate.
b. FACUS analysis of target hinding

IgM-OKT3-cMyc binding to T cell is confirmed by binding of antibedy to T cell line
(Feer, positive cell line} and B cell line (Dandi, negative control cell line). After washing,

42
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rhodamine labeled 9E10 1 added to the cell suspeusion.

MFET of both positive and negative controlied

e, Fluorescent micro

Verify bispecific binding of the

populations of CIN positive cells and CDEO positive cells, which have been pre-labeled by

PCT/US2014/054079

cells with or without CD20 antigen.

scopy assay for bispecific binding

¥

twes different vital dyes on each cell type. For example

i Green Fluorescent coytosolic vital dye {(CellTrace™

labeling for CD3 positive celi ling

it Red Fluorescent cyto

iabeled CIN20 positive Bocell gel

kS

Example 2

g ]

solic vital dye {CellTrace™ Calcein Red-Orange, AM)

N

| line (Daudt)

1. Ceneration of DNA constructs with desiensd mudations

DINA construct synthesis and construction of expression vectors are performed

as in Example 1.

a. i Chains of different size

The A chain s composed of a f

ull length o chain for chimeric OKT3 {(anti-CD3) Vh

region fused with CM1 of human mu chain:
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The cell target binding is detected by

designed IgM by its ability to bring together, two

Calesin Green AM)
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Native chimeric GKT3 kappa chain

QIVLTOQSPAIMBASPGERVT \ET\A: ‘::" SEVIYMNWYQQKSGETS F.\RWTY“
TEKLASGVPAHPRGEGEETSEYS SGMEARDAATYYCOOWSSNP T
SGTRLEINRAVAAFIVEIL E‘Pf‘& DEQLESGTA \«‘\:'CLL NNFYPREAEVOW
3 KVDNALQIGNIQE S"TEQD%I{ZST‘; SLE ~TLMLS CADYERHEVYACEVT
HOGLESPVTESENRGED
(SEQ ID NG: 1&3
: A CMECL
G CroasMab™ ™ for Ritwdmab
O?V;;Qi SPGERVIMTCORABEEVS
TSNLA GEEEETEYSLTISRVE! QL‘ T\Ay i Y
GC}TI\MEIK SEASTKGPSVEPLAPSSREETSG
SWNSGALTSGVHTEFPAVLOSSGLYSLESY
i3 :‘fj NTHEVDERVEPKEC
(8RO TD NO: 17
c. Different selection markers for different expression vectors
240 Dhtferent selection markers are used on different expression vectors used for co-
transfection. Multiple drugs are used for selection of cells in order to sccommodate all
necessary expression vectors relevant for IgM production. Standard molecular biology
techniques are used for eloning specific DNAS into these vectors.
i, Mu chain utilizes Zeocin selection {ant-zn-1, Invivogen). Zeccinisused at a
25 concentration of 100 pg/ml. After transfection with a plasmid containing the Shble
gene, then the cells are incubated in Opti-CHO medium containing Zeocin at 10
ug/ml o select for stable transfectants,
it Kappa chain utilizes Blasticidin § selection {ant-bl-1, Invivogen). Blasticidin 8
is used at a concentration of 10 pg/ml After transfection with & plasmid containing the
34 bar gene, then the cells are incubated in Opti-CHO medium containing Blasticidin § at
& B
10 pg/mi to select for stable transfectants,
d. Protein expression, purification and characterization
Transfection
IgM is made by co-transfection of several different expression vestors af equal
35 molar ratios or variable molar ratio {8 to 10 fold difference) into mammalian
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cells, such as 293 cells or CHO cells. DNA for expression vectors are mixed
with PEI and then added to CHO-S celis. PEI transfection with CHO-S cells is
conducted according to established technigques {see “Biotechnology and
Bioengineering, Vol 87, 553-5457).

3 it Protein purification
s (apture Select fgh (Catalog 2890.05 , BAC, Thermo Fisher)

IgM proteins from transtected CHO-E cell supernatants are purified by affinity
Capture Select IgM affimity matrix according to manufacturers’ protocol,
s Capto-L {(Catalog 17-5478-01, GE Healthcare)
i} Transfected IgM protein, containing kappa chain, in CHO-8 cell supernatant is

purified by Capto-L atfinity matrix according to manufacturers’ protocol

i, Gel electrophoresis
»  Non-reducing SDS PAGE

i3 Non-reducing SIS PAGE separates native IgM and its mutant forms
according to size. Pentamic IgM, composed of homodimeric heavy chains
{AA), produces a protein band of approximately 1,000,000 molecular weight
Pemtameric 1gM composed of a shorter version of homodimeric heavy chaing
(BB} produces a protein band of significantly lower molecular weight.

24 Pentameric 1gM composed of heterodimeric heavy chaing (chimeric AR)
produce multiple proteins with molecular weights grester than BB and less than

AAL

NuPage LIS Sample Buffer (Life Technologies) is added 1o IgM protein

25 sampies at 25 € for 30 minutes before loading onto the gel. NativePags Novex
3-12% Bis-Tris Gel {Life Technologies} is used with Novex Tris-Acetate SDS
Running Buffer (Life Technologies), Run gel until the dye front reaches the
bottom of the gel.

s Reducing SDS-PAGE

(S
<2

NuPage LDS sample buffer { Lite Technologies) and NuPage reducing agem
dithiothreitol (Life Technologies) are added to IgM protein samples and heated

to 80°C for 10 minutes before loading on NuPage Novex 4-12% Bis-Tris Gel
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W

1

v,

{Life Technologies, cat# NP0322), NuPage MES SDS Running Buffer (Life
Techneologies, cat# NPGO02) is used for gel electrophoresis. Gels are run until

the dye front reaches the bottom of the gel.

After electrophoresis is complete, remove gel from apparatus and stain the gel

using Collowdal Blue Staining (Life Technologies, manual #LC60235)

» (el band gquantitation

Prowin gels are dried, then digitized using image scanner. The gel image is
processed with Image J program and the amount of protein iny a speeific band

can be determined using the gel quantitation function

Mass spectrometric analysis o identify/quantify the various maAbs in the bi-

specific preparation.

i5 ¥,

[¢]

28

Stability analysis using differential scanning calovimetry (DSC)

Bi-specific functional analvsis

ELISA analysis for two ligands

IgM with OKT3 {chain A} and cMyc peptide {chain B) is assayed by ELISA
analysis with soluble CD3 epsilon protein capture and anti-cMye (9E1H)
detection. Soluble Ci¥e protein is coated on ELISA plate at 2 mg/ml in 150
b of NaRCO, followed by blocking with 3% BSA in PBS. Supernatant (100
il} containing transfected IgM-OKT3-cMye is added to blocked ELISA plate
for 4 hours at 25 C. After washing with PBS, the 9E10 antibody is added {o the
ELISA plate for 2 hours at room temperature. Anti-mouse [gG-HRP ig added
following washes with PBS. The existence of bi-specific fgM is detected by

reading with O 450 afier adding HRP substrate,

FACS analysis of target binding
EgM-OKT3-cMye binding to T cell is confirmed by binding of antibody to T
cetl Hine (Peer, positive cell line) and B cell line (Baudi, negative control cell

line}. After washing, rhodamine labeled E10 is added to the cell suspension.

47
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The cell target binding is detected by MFE] of both positive and negative

controlied cells with or without CDE0 antigen.

i, Fluorescent microscopy assay for bi-specific binding
Yerity bi-apecific binding of the designed IgM by its ability to bring together,
two populations of CD3 posttive cells and CD20 positive cells, which have
been pre-iabeled by two different vital dyes on each cell type. For example:
= (reen Fluorescent cytosolic vital dye {(CeliTrace™ Caicein Green

AM) labeling for CD3 positive cell line (Peer)

e Ked Fluorescent cyvitosolic vital dye {(CellTrace™ Caleein Red-

QOrange, AM) lebeled CD20 positive B-cell cell line (Daudi)

Multi-specific binding and multi-specific functional analysis can be performed in 2

strnilar manner using technigues known in the ari, such as those described above,
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Claims:

1. A binding molecule having 2 penta- or hexameric ring structure comprising
five or six bispecific binding units, wherein each of said bispecific binding units has the same
two binding specificities and comprises a first chain comprising at least a Cud domain of an
IgM heavy chain constant region conjugated to a first binding region to a first binding target,
and a second chain comprising at least a Cud domain of an IgM heavy chain constant region
and a second binding region to a second binding target, wherein said first and second binding
targets are different, and wherein said first and second chains are assembled to create a
bispecific binding unit as a result of an asymmetric interface created between their respective
fgb heavy chain constant regions.

2. The binding molecule of claim 1, wherein said bispecific binding units are

wlentical.

L2

The binding molecule of claim 2, which further comprises an IgM T chain.

4, The binding molecule of claim 3, which has & pentameric ring structure.

(4]

The binding molecule of claim 2, which has 2 hexameric structure,

6. The binding molecule of claim 2, wherein said first and second chains further

comprise a Cud domain of an Ighd heavy chain constant region,

7. The binding molecule of claim 2 or claim 6, wherein said first and second

chains further comprise a Cu2 domain of an IgM heavy chain constant region.

8. The binding molecule of claim 2, wherein said first and second binding targets
are selected from peptides, polypeptides, glycoproteins, nucleic acid molecules, and organic

and non-organic small molecules,

g, The binding molecule of claim 2, wherein said first and second binding targets
are selected from soluble polypeptides, cell surface receptors, ligands, molecular transporters,

enzymes and substrates of enzymes,

i¢. The binding molecule of claim 2, wherein said first and second binding largets
bind to two sites on the same soluble target, two sites on the same cell surface receptor target,
two different soluble targets, two cell surface recepior targets, one soluble target and one cell
surface receptor target, one soluble or cell surface receptor target and one long residence time
target, one scluble target and one matrix protein or substrate target, one soluble or receptor

target and one molecular transporter target, or two different cell types.

49
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Pl The binding molecule of any one of elaims 1 to 10, wherein conjugation is by

fusion.

{2, The binding molecule of claim 11, wherein said first and second binding
regions are fused to the Netermint of said {irst and said second IgM heavy chain constant

region, respectively,

13, The binding molecule of claim 12, wherein said first and second binding

regions are variable regions of an antibody.

i4.  The binding molecule of claim 13, wherein said first and second binding
targets are two different antigens.

-

is. The binding molecule of claim 13, wherein said first and second binding

targets gre different epitopes on the same antigen.

16, The binding molecule of claim 13, wherein said first and second binding
regions are two different antibody heavy chain variable regions, binding to said first and said
second binding target, respectively.

17, The binding molecule of claim 13, wherein said first and second binding
regions are two different antibody heavy chain variable regions, each binding to a different
epitope on the same hinding target.

18. The binding molecule of claim 16 or claim 17, wherein said antibody heavy
chain variable regions are from an Ig@, IgA, IgE, or lgM antibody.

19, The binding molecule of claim 18, wherein said antibody heavy chain variable

regions gre from an Igh antibody.

23, The binding molecule of claim 16 or claim 17, which is a bispecific IgM
molecule.
21, The binding molecule of elaim 20, further comprising at least one Ight light

chairn variable region sequence associated with at least one of sald two different IgM heavy
chain varigble regions,
22, The binding molecule of claim 20, further comprising an IgM light chain

variable region sequence associated with each of said two different igh heavy chain variable

rEgions.

1.5
god
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23, The binding molecule of any one of claims 1 to 22, wherein at least some of the
asymmetric interfaces between the IgM heavy chain constant regions of the twe chains of a
binding unit are created by a salt bridge formed by pair-wise switches between oppositely
charged amino acid residues in at least one of the Cu2, Culd and/or Cud domains of the two
chains of said binding unit.

24, The binding molecule of claim 23, wherein a salt bridge is formed between at
ieast one of the Cud-Cu2, Cud-Cud, and Cu2-Cu3-Cud domains of the two chains of said

binding unit.

25, The binding molecule of claim 23, wherein the pair-wise switches are selected

from the group consisting of E-—K, K-E; R—E, E-—RK; DK, K-—D; and R—D, D—R.

26, The binding molecule of claim 24, comprising at least one pair-wise charged

amine acid residue switch in the Cpd-Cud domains.,

27, The binding molecule of claim 26, wherein said swilch 18 selected from the
group consisting of R328E, D E330R K RI44E D RI30R K, K3T8E, D-EI85R X,
R427E,D+E339R K and TIS4E, D I397R K,

28, The binding wmolecule of claim 24, comprising at least one paiv-wise charged

amino acid switch between the Cu2-CuZ domains,

25, The binding molecule of claim 28, wherein said switch is selected from the

group consisting of E167R Ke»K177E,D and K168 D E170RK.

3G, The binding molecule of claim 24, comprising at least one pair-wise charged

aming acid residue switch in the Cu2-Cu3-Cud domains.

31, The binding molecule of claim 29, wherein said switch is selected from the

group consisting of DIZIK RK315DE; KIS0E D-E383K R, and KI185D, ED360K R,

32, The binding molecule of any one of elaims 1 to 22, wherein at least some of the
asymmetric interfaces between the IgM heavy chain constant regions of the two chains of &

binding unit are created through knobs-into-holes connections.

33, The binding molecule of claim 32, wherein at ieast one kuobs-into-hole
connection is created by mutations selected from the group consisting of knobs:
T350—Y F,W,; and H395—Y,F; and holes: L352— GAV I MS, T, HISS—-AVILMEY;
F303—WY; 1397— A V5T, T350--5,AV,; and T348—8,
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34, The binding molecule of any one of claims 21 to 33, wherein said Hght chain
variable region sequences are coupled to their matching heavy chain variable region by

creating an asymmetric interface between the lght and heavy chains.

33, The binding molecule of claim 34, wherein the asymmetric interface is created

by CrossMab technigue, knobs-into-holes coupling and/or salt bridges coupling.

36, The binding molecule of any one of claims 21 1o 35, comprising a common
light chain.

37, The binding molecule of any one of clatms 1 to 36, conjugated {0 a toxin.

38 The binding wolecule of any one of claims | to 34, conjugated o a

chemotherapeutic agent,

3%, The binding molecule of elaim 37 or claim 38, wherein conjugation is by
fusion,
40, The binding molecule of claim 37 or claim 38, whersin conjugationis by a

chemical Hinker,

41, The binding molecule of any one of claims 20 1o 40, which is chimeric or
humanized.
42, A composition comprising at least about 70% of the binding molecule

according to any one of 1 to 41,

43, A composition comprising at least about 809 of the binding molecule
according 1o any one of 1 to 41,

44, A composition comprising at least about 95% of the binding molecule

according to any one of claime 1 to 41,

45, A composition comprising at least about 98% of & binding molecule according
to any one of claims 1 to 41,

46, A composition comprising at least about 99% of a binding molecule according
o any one of claims 1 to 42,

47, The composition according to any one of claims 42 to 46, whichis a
rharmaceutical composition.

48, A multi-specific binding molecule having a penia- or hexameric ring structure
comprising five or six monospecific binding units, wherein (i) each of said monospecific

52
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binding units comprises two Igh heavy chain constant regions each comprising at least g Cul
and Cu4 domain conjugated o a binding region 1o a binding target, (i1} at least two of said
monospecific binding units bind to different binding targets, and (31} an external asymmetric
interface is created between the heavy chain constant regions of the neighboring monospecific

binding units that bind to different binding targets.

49, The multi-specific binding molecule of claim 48, wherein at least three of said

monospecific binding units bind to different binding targets.

50, The malti-specific binding molecule of claim 48, wherein at least four of said

monospecific binding units bind to different binding targets.

5, The multi-specific binding molecule of claim 48, wherein the binding molecule
has a pentameric ring structure and all five monospecific binding units bind to different

targets.

52, The multi-specific binding molecule of elaim 48, wherein the binding molecule
has a hexameric ring structure and at least five of said monospecific binding units bind 1o

different targets.

33, The multi-specific binding meolecule of claim 52, wherein all six monospecific

binding units bind to different targets.

54, A multi-specific binding molecule having a penta- or hexameric ring structure
comprising five or six bispecific binding units, wherein (i} each of s3aid bispecific binding
untis comnprises two Ighd heavy chain constant regions each comprising at least a Cul and
Cud domain conjugated 1o a binding region to a binding target, (i} at least two of said
mspecitic binding units bind to different binding targets, (ii) an internal asymmetric interface
is created between two Ighd heavy chain constant regions of each bispecific binding unit, and
(iv} an external asymmetric interface is created between the heavy chain constant regions of
ihe neighboring bispecific binding units binding to different targets.

55, The multi-specific binding melecule of claim 54, whersin at least three of said
bispecific binding units bind to different binding targets.

36, The multi-specific binding molecule of claim 54, wherein at least four of said
bispecific binding uruts bind to ditferent binding targets,

57, The multi-specific binding molecule of claim 54, wherein the binding molecule
has a pentameric ring structurs and all five bispecific binding units bind to different targets,

53
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58, The multi-specific binding molecule of claim 54, wherein the binding molecule
has a hexameric ring structure and at least five of said bispecific binding units bind to different

targets.

58, The multi-specific binding molecule of claim 52, wherein all six bispecific

binding units bind to different targets,

60, The multi-specific binding molecule of claim 48 or claim 34, which further

comprises an IgM J chain,

61.  The mulii-specific binding molecule of claim 48 or claim 34, which has a

pentameric ring structure,

62, The multi-specific binding molecule of claim 48 or claim 54, which has a

hexameric structure,

&3, The multi-specific binding molecule of claim 48 or claim 54, wherein in at
least one of said binding units the IgM heavy chain constant regions further comprise a Cu2

domain.

64.  The multi-specific binding molecule of claim 63, wherein in all of said binding

units the Igh heavy chain constant regions further comprise a CuZ domain.

85, The multi-specific binding molecule of claim 48 or claim 54, wherein in ali of

said binding units the heavy chain constant regions are identical.

66, The multi-specific binding molecule of claim 48 or claim 54, wherein the
binding targets are selected from peptides, polypeptides, glycoproteins, nucleic acid

molecules, and organic and non-organic small melecules,

67.  The multi-specific binding molecule of claim 48 or claim 54, wherein the
binding targets are selected from soluble polypeptides, cell surface receptors, ligands,

muolecular transporters, enzymes and substrates of enzymes.

68, The multi-specific binding molecule of claim 48 or claim 54, wherein the
binding units binding to different targets are selected from the group consisting of binding
units binding o sites on the same soluble target; sites on the same cell surface receptor targst;
different soluble targets; different cell surface recepior targets; soluble and cell surface
recepior targets; soluble or cell surface receptor and long residence time targets; soluble and
matrix protein or substrate targets; soluble or receptor and molecular tramsporter targets, and

different cell types.

LA
-3
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89, The multi-apecific binding molecule of any one of claims 48 1o 6§, wherein
conjugation is by fusion.

70, The multi-specific binding molecule of elaim 67, wherein said binding regions
are fused to the N-termini of the fgM heavy chain constant regions.

71, The multi-specific binding molecule of claim 70, wherein at least one of said
binding regions is a variable region of an antibody.

72, The multi-specific binding molecule of claim 71, wherein all of said binding
regions are antibody heavy chain variable regions.

73, The multi-specific binding molecule of claim 72, wherein at least two binding
targets are different antigens.

74, The multi-specific binding molecule of claim 72, wherein at least two binding
targets are different epitopes on the same antigen.

75. The multi-specific binding molecule of claim 71, wherein the antibody heavy
chain variable regions are from an IgG, IgA, IgE, or IgM antibody.

76. The multi-specific binding molecule of claim 75, wherein the anttbody heavy

chain variable regions are from an IgM antibody.

77 The multi-specific binding molecule of elaim 76, which is a multi-specific IgM
maolecule.
78,  The multi-specific binding molecuie of claim 77, further comprising at least

one Ight light chain variable region sequence associated with an Ighd heavy chain variable

region in at least one of the binding units.

79, The multi-specific binding molecule of claim 78, further comprising an Igh
iight chain variable region sequence associated with each of the IgM heavy chain variable

regions,

&G, The multi-specific binding molecule of any one of claims 48 to 79, wherein
said internal gsymmetric interface is created by a salt widge formed by pair-wise switches
between oppositely charged amino acid residues in at least one of the Cu2, Cul andfor Cud

domains,
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81, The multi-specific binding molecule of ¢lairn &0, wherein a salt bridge is
formed between at least one of the Cu2-Cul, Cud-Cpd, and Cu2-Cu3-Cpd domains of the

two chains of said binding unit.

82, The multi-specific binding molecule of claim &1, wherein the pair-wise
switches are selected from the group consisting of B K, K-—E; R—E, E—R; K, KD

and R—1, DR,

83, The multi-specific binding molecule of claim 80, comprising at least one pair-

wise charged amino acid residue awitch in the Cud-Cud domains.

84, The malti-specific binding melecule of claim 83, wherein sald switch is
selected from the group consisting of R328E, +-E339R K; R344E De8330R K
K376E,DeE385R K; R427E, D E330R K, and T354E, D—I397R K.

83, The multi-specific binding molecule of claim 80, comprising at least one pair-

wise charged amino acid switch betwesn the Cu2-Cu? domains.

86,  The multi-specific binding molecule of claim RS, whereln sald switch is

selected from the group consisting of EI6TR KK I177E,D and K189E, D—EI70R K.

87.  The multi-specific binding molecule of claim 80, comprising at least one pair-

wise charged amino acid residue switch in the Cu2-Cu3-Cud domains.

88. The multi-specific binding molecule of claim 87, wherein said switch is
selected from the group consisting of DI2IK Re-K315D.E; KIS0E,D«>E385K R, and
KI8T HaDMI60KLR.

89.  The multi-specific binding molecule of any one of claims 48 1o &, whersin the
external asymumetric interface is created by at least one pair-wise charged amino acid residue
switch in the Cu3-Cul domains.

90, The multi-specific binding melecule of claim 89, wherein the pair-wise
changed amino acid switch s K238 «» D293 or K268 « 1284,

1. The multi-specific binding molecule of any one of claims 48 o 79, wherein at
least some of the external and/or internal asymmetric interfaces between the IgM heavy chain
constant regions are created through knobs-into-holes connections.

92, The multi-specific binding molecule of claim 91, wherein at least one knobs-

into-hole connection is created by mutations selected from the group consisting of knobs:

i8



10

25

WO 2015/053887 PCT/US2014/054079

F393-W Y 397 A VST, T3530--5,A,V; and T348--8.

93, The multi-specific binding molecule of any one of claims 79 to 92, wherein
said Hght chain variable region sequences are coupled to their matching heavy chain variable
region by creating an asymmetrie inferface between the light and heavy chains,

94.  The multi-specific binding molecule of claim 93, wherein the asymmetric
interface is ereated by CrossMab technique, knobs-into-holes coupling and/or salt bridges
coupling.

95,  The multi-specific binding molecule of any one of claims 79 to 94, comprising
a conunen light chain,

96, The multi-specific binding molecule of any one of claims 48 1o 95, conjugated
{0 & toxin.

97.  The multi-specific binding molecule of any one of claims 48 10 85, conjugated
to a chemotherapeutic agent,

98.  The mulii-specific binding molecule of claim 96 or claim 97, wherein
conjugation is by fusion.

99, The mulii-specific binding molecule of claim 96 or claim 97, wherein
conjugation is by a chemical linker.

100, The multi-specific binding molecule of any one of claims 79 o 99, which is
chimeric or homanized,

01, A composition comprising at least about T0%, or at least about 80%, or at lzast
about 90%, or at least about 95%, or at least about 8%, or at least about 99% of the multi-

specific binding molecule according to any one of 48 10 100

f02. The composition of claims 101, which is a pharmaceutical composition.
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