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MULTISPECIFIC ANTIGEN-BINDING PROTEINS
CROSS REFERENCE TO RELATED APPLICATIONS

[0001]  This application claims the benefit of priority to U.S. Provisional Application Nos. 62/152,735
filed April 24, 2015, 62/264,291 filed December 7, 2015, and 62/310,355 filed March 18, 2016, all of

which are hereby incorporated by reference in their entirety.
SEQUENCE LISTING

[0002]  The instant application contains a Sequence Listing which has been submitted electromcally in
ASCH format and is hereby incorporated by refercnce in its entirgty. Said ASCH copy, created on April

22,2016, is named PO5841WO_PCTScquencelisting txt and 15 131,134 bvies in size.

BACKGROUND OF THE INVENTION

[0003] The development of bispecific antibodies as therapeutic agents for human diseases has great
clinical potential. However, production of bispecific antibodics in Ig(s format has been challenging, as
antibody heavy chains have evolved to bind antibody hight chains in a relatively promiscuous manner.
As a result of this promiscucus patring, concomitant expression of, ¢.g., two antibody heavy chains and
two antibody light chains naturally leads to heavy chaim homodimerization and scrambling of heavy

chain/light chain pairings.

[0004] One approach to circumvent the problem of heavy chain homodimerization, known as “knobs-
mto-holes’, atmas at forcing the paining of two different antibody heavy chains by introducing mutations
mto the CH3 domains 1o modify the contact interface. On one heavy chain onginal amino acids were
replaced by amino acids with short side chains to create a ‘hole’. Conversely, amino acids with large side
chains were introduced into the other CH3 domain, to create a “knob’. By coexpressing these two heavy
chains (and two identical light chains, which have to be appropuate for both heavv chains), high vields of
heterodimer formation (Ckoob-hole™) versus homodimer formation {‘hole-hole” or “knob-knob’} was

observed (Ridgway, 1. B., Protein Eng. 9 (1996) 617-621; and WO 96/627011).

[0005] Minimizing the scrambling of heavy chain/light chain has been more difficult due to the
complex multidomain heterodimeric interactions within antibody Fabs. Bispecific antibodies formats
aimed at addressing heavy chain/light scrambling inclede: DVDB-Ig (Dual Variable Domain Ig) (Nature
Biotechnology 25, 1290-1297 (2007)); Cross-over Ig (Schacfer Wer o/ (2011 PNAS 108(27): 11187~
11192); Two-in~-One g (Science 2009, 323, 1610); BiTE® antibodies (PNAS 92(15):7021-7025, 1995)
and strategics described in Lewis ef of. (2014) “Generation of bispecific Igl antibodies by structure-

based design of an orthogonal Fab interface.” Nat Biotechnol 32, 191-8; Liu ef af. {2015) “A Novel
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Antibody Enginecering Strategy for Making Monovalent Bispecific Heterodimeric IgG Antibodies by
Electrostatic Steering Mechanism.” J Bio/ Chem. Published online January 12, 20135,

doi: 10.1074/be M114.620260; Mazor er af. 2015, “Improving target cell specificity using a novel
monovalent bispecific IgG design.” Mabs. Published online Fanuary 26, 2013, dou:

10.1080/19420862 2015 1007816, WO 2014/081955, W 2014/082179, and W 2014/150973.

[0006] There continues to be a need to reduce mispaired heavy chamm/hight chain by-products and

increase bispecific antibody vield.

BRIEF SUMMARY OF THE INVENTION

[0007]  As described in more detai] below, multispecific antigen-binding proteins (such as bispecific
antibodies) that have been modified to mchude such asymmetrical mutations are produced in a single cell
with, infer alia, imnproved correct heavy chain/light chain pairing and/or improved vields of multispecific
antigen-binding proteins as compared with multispecific antigen-binding proteins with sequences without
modifications. In certain embodiments, the multispecific antigen-binding proteins comprise
modification(s) m the VH/VL and/or CHI/CL regions to facilitate correct heavy/light chain pairing. In
certain other embodiments, the multispecific antigen-binding proteins further comprise modification{s) in

the Fc region to facilitate heterodimerization of the two arms of the multispecific antigen-binding protein.

[0008]  Provided herein s a multispecific antigen binding protein, or an antigen-binding fragment
thereof, comprising: a) a first heavy chainvlight chain pair binding to a first antigen which comprises a
first heavy chain polypeptide (H1) and a first light chain polvpeptide (L.1), and b) a sccond heavy
chain/light chain pair binding to a second antigen which comprises a second heavy chamn polypeptide
(H2) and a second light chain polypeptide (L2}, wherein cach H1 and H2 comprises a heavy chain
variable domain (VH) and a heavy chain constant domain {CH1), and each L1 and L.2 comprises a light
chain variable domain (V1) and a light chain constant domain (CL); wherein the CH1 domain of H1
comprises an amine acid substitution at S183 (EU numbering), and wherein the CL domain of L1
comprises an amino acid substitution at V133 (EU numbering}. In certain embodiments according o (or
as apphied to} any of the embodiments above, L1 is a kappa chain. In certain embodiments according to
{or as applied to) anv of the embodiments above, L2 is a kappa chain. In certain embodiments according

to {(or as applied to) any of the embodiments above, L1 and 1.2 are cach a kappa chain.

[0009]  in some embodiments according to (or as applied o) any of the embodiments above, the 8183
substitution is selected from the group consisting of S183A, SIE3T, S183V, $183Y, S183F, S183H,
SI83N, S183D, SI&3E, S183R, and S183K., and the V133 substitution 1s selected from the group
consisting of V133E, V1335, V1331, V133W,_ V133K, VI33R, and V133D In some embodiments

according to (o7 as apphied to) any of the embodiments above the amino acid at EU position 5183 on the
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CHI1 domain of Hl is replaced with a positively charged residue, and the amino acid at V133 on the CL
domain of L1 1s replaced with a negatively charged residuc In some crmbodiments according to (or as
apphlied to) any of the embodiments above the amino acid at EU position $183 on the CHI domam of H1
ts replaced with 8 negatively charged residue, and the amino acid at V133 on the CL domain of L1 is
replaced with a positively charged residue. In some embodiments according to {or as applied to) any of
the embodiments above the posttively charged residue is selected from the group consisting of R and K.
In some embodiments according to {or as applied to} any of the embodiments above the negatively

charged residug 1s selected from the group consisting of D and E.

[0010] n certain embodiments accordimg to (or as applied to) any of the embodiments above, the CH1
domain of H1 consists of an amino acid substitution at $183 (EU numbering), and the CL domain of L1

consists of an amino acid substitution at V133 (EU numbering}.

[0011] In some embodiments according to (or as applied to} any of the embodiments above, the CHI
domain of H1 comprises the 51830 mutation, and the CL domain of L1 comprises the Vi33K mutation:
the CHI domain of HI comprises the S183E mutation, and the CL domain of L} comprises the V133K
mutation; the CHI1 domam of HI comprises the S183A mutation, and the CL domain of L1 comprises the
V133K mutation; the CHY domain of Hi comprises the 5183 A mutation, and the CL domain of L1
comprises the V1338 mutation; the CHI domain of H1 comprises the S183A mutation, and the CL
domain of L1 comprises the V1331 snutation; the CHI domain of H1 comprises the 5183 A mutation, and
the CL domain of L1 compriscs the VI33W mutation; the CHI domain of H1 comprises the S183A
mutation, and the CL. domain of L1 comprises the V133K mutation; the CH1 domain of Hi compuses
the S183A mutation, and the CL domain of L1 comprises the VI33R matation; the CHI domain of H1
comprises the 8183 A mutation, and the CL domain of L1 comprises the V133D mutation; the CHI
domain of H1 comprises the S1837T mutation, and the CL domain of L1 compnses the V133E mutation;
the CH1 domain of H1 comprises the 51837 mutation, and the CL domain of L1 comprises the V133§
mutation; the CHI domain of H1 comprises the S183T mutation, and the CL domam of L1 comprises the
Y1331 mutation; the CHI domain of Hi compriscs the 51837T mutation, and the CL domain of L1
comprises the VI33W mutation; the CHI domain of H1 comprises the S1837T mutation, and the CL
domain of L1 comprises the V133K mutation; the CHI1 domain of HI comprises the 1837 mustation, and
the CL domaim of L1 comprises the V133R mutation; the CHI domain of H1 comprises the 51837
mutation, and the CL domain of L1 comprises the V 133D muutation; the CH1 domain of HI comprises
the S183V mutation, and the CL domain of L1 comprises the VI33E mutation; the CH1 domain of H1
comprises the 8183V mutation, and the CL domain of L1 comprises the V1338 mutation; the CHI
domain of H1 comprises the S183V mustation, and the CL domain of L1 comprises the V1331 mutation;
the CHI domain of H1 comprises the 5183V mutation, and the CL domain of L1 comprises the V133W

mutation; the CH1 domain of HI comprises the S183V mutation, and the CL domain of L} comprises the
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V133K mutation; the CH1 domain of H1 comprises the S183V mutation, and the CL domain of L1
comprises the V133R mutation; the CH1 domain of Hl comprises the S183V nutation, and the CL
domain of L1 comprises the V133D mutation; the CHI domain of H1 comprises the S183Y mutation,
and the CL domain of L1 comprises the V133E mutation; the CH1I domain of H1 comprises the S183Y
mutation, and the CL domain of L1 comprises the V1338 mutation; the CHI domain of Hi comprises the
S183Y mutation, and the CL domain of L1 comprises the V1331 mutation; the CH1 domain of Hi
comprises the SI83Y mutation, and the CL of L1 domain comprises the V133W mutation; the CH1
domain of H1 comprises the S183Y mutation, and the CL of L1 domain comprises the VI33K mutation;
the CHI domain of HI comprises the 5183Y mutation, and the CL domain of L1 comprises the V133R
mutation; the CHI domain of H1 comprises the S183Y mutation, and the CL domain of L1 comprises the
V133D mutation; the CHI domain of H1 comprises the S183F mutation, and the CL domamm of L1
comprises the VI33E mutation; the CHI domain of H1 comprises the S183F mutation, and the CL
domain of L1 comprises the V1335 mutation; the CHI domain of HI compnses the S183F mutation, and
the CL domam of L1 comprises the VI33L mutation; the CHI domain of H1 comprises the SI83F
mutation, and the CL domain of L1 comprises the V133W mutation; the CHI domain of HI comprises
the S183F mutation, and the CL domain of L1 comprises the V133K mutation; the CHI domain of H1
comprises the $183F mutation, and the CL domain of L1 comprises the V133R mutation; the CH!I
domain of H1 comprises the S183F mutation, and the CL of L1 domain comprises the V133D mutation:
the CHI domain of HI comprises the S183H mutation, and the CL domain of L1 comprises the V1338
mutation; the CHI1 domam of HI comprises the S183H mutation, and the CL domain of L1 comprises the
V1331 mutation; the CHI1 domain of HI comprises the S183H mutation, and the CL domain of L1
comprises the VI33W mutation; the {H1 domain of HI comprises the S183N muutation, and the CL
domain of L1 comprises the V133L mutation; or the CHI domain of H1 comprises the S183E mutation,

and the CL domain of L1 comprises the V1331 mutation.

[0012] in some embodiments according to {(or as applied to) any of the ermbodiments above, the CH1
domain of H1 comprises the S1E3D mutation, and the CL domain of L1 comprises the VI33K mutation;
the CHI domain of H1 comprises the S183E mutation, and the CL domain of L1 comprises the V133K
mutation; the CH1 domain of H1 comprises the 51337 mutation, and the CL domain of L1 comprises the
V133K mutation; or the CHI domain of H1 comprises the 8183V mutation, and the CL domain of L1

comprises the VI33E mutation.

[0013]  in certain embodiments, the CH1 domain of H1 comprises the S183K mutation, and the CL

domain of L1 comprises the V 133E mutation.

[0014]  in some embodiments according to (or as applicd to) any of the embodiments above, the CHI
domain of H1 consists of the S183D mutation, and the CL domain of L1 consists of the V133K mutation;

the CHI domain of Hi consists of the §183FE mutation, and the CL domain of L1 consists of the V133K
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mztation; the CH1 domain of HI consists of the S1837T mutation, and the CL domain of L1 consists of
the V133K mutation; or the CHI domain of H1 consists of the S183V mutation, and the CL domain of
L1 consists of the VI33E mutation. In certain embodiments, the CHI domain of H1 consists of the

S183K mutation, and the CL domain of L1 consists of the V133E mutation.

[0015] In some embodiments according to {or as applied to) any of the embodiments above the CHI
domain of H2 and/or the CL domain of L2 does not comprise an amino acid substitution. In some
embodiments according (o {or as applied to} any of the embodiments above the CHI domain of H2 dogs

not comprise a substitution at $183 and the CL domain of L2 do not comprise substitution at V133,

[0016] In some embodiments according to {or as applied to) any of the embodiments above the VH
domain of H1 and/or H2 comprises an amino acid substitution at position Q39 (Kabat numbering), and
the VL domain of L1 and/or 1.2 comprises an anmino acid substitution at position (338 (Kabat
numbering}.In some embodiments according o {(or as applied to) any of the embodiments above the
aming acid at Q39 in the VH domain is replaced with a positively charged residue, and the amme acid at
(338 1 the VL domain is replaced with a negatively charged residue. In some embodiments according to
(or as applied to) any of the embodiments above the amino acid at 339 10 the VH domain is replaced
with a negatively charged residue, and the ammo acid at Q38 m the VL domain 1s replaced with a
positively charged residue. In some embodiments according to {or as apphied to) any of the embodiments
above the positively charged residue is selected from the group consisting of R and K In some
embodiments according to (or as applied to) any of the embodiments above the negatively charged

residue 18 selected from the group consisting of D and E.

[0017] in some embodiments according to {(or as applied to) anv of the embodiments above the amino
acid at EU position 5183 on the CHI domain of H1 is replaced with a negatively charged residue, the
aming actd at Q39 in the VH domain is replaced with a positively charged residue, the amino acid at
V133 on the CL domain of L1 is replaced with a positively charged residue, and the amino acid at Q3810

the VL domain is replaced with a negativelv charged residue (Kabat numbering).

[0018] In some embodiments according to {or as applied to} any of the embodiments above the anung
acid at EU position S183 on the CHI domain of H1 1s replaced with a positively charged residue, the
anmino acid at Q39 in the VH domain 1s replaced with a negatively charged residue, the amuno acid at
V133 on the CL domain of L1 1s replaced with a negatively charged residue, and the amino acid at Q38
i the VL domain is replaced with a positively charged residue (Kabat numbering). In some embodiments
according to (o7 as apphied to) any of the embodiments above the amino acid at EU position 5183 on the
CHI1 domain of HI 1s replaced with a positively charged residue, the amino acid at Q39 mn the VH
domain is replaced with a negatively charged residue, the amine acid at V133 on the CL domain of L1 15

replaced with a negatively charged residue, and the amino acid at 38 in the VL domain of L1 15
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replaced with a positively charged residue (Kabat numbering}. In further embodiments, the amne acid at
EU posttion 5183 on the CHI domain of H2 is replaced with a negative charged residue, the anino acid
at Q39 in the VH domain of H2 1s replaced with a positively charged residue, the amino acid at VI33 on
the CL domamn of L2 is replaced with a positively charged residug, and the amino acid at Q38 in the VL

domain is replaced with a negatively charged residue (Kabat numbering}.

[0019] In some embodiments according to {or as applied to) any of the embodiments above, the VH
domain of H1 comprises a Q39E substitution mutation {Kabat nembering), and the VL domain of L1
comprises a Q38K substitution mutation (Kabat numbering). In some embodiments according to (or as
applied to} any of the embodiments above the VH domain of H1 comprises a Q39E substitution mutation,
the VL domain of LT comprises a Q38K substitution mutation, and the VH domain of H2 comprises a
339K substitution mutation. In some embodiments according to {or as applied to) any of the
embodiments above, the VH domain of H1 comprises the Q39E substitution mutation, the VL domain of
L1 comprises the Q38K substitution mutation, the VH domain of H2 comprises a Q39K substitution

mutation, and the VL domain of L2 comprises a Q38E substitution mutation.

[0020] In some embodiments according to {or as applied to) any of the embodiments above, the VH
domain of Hi comprises a Q39K substitution mutation {Kabat numbering), and the VL doman of L1
comprises a Q38E substitution mutation (Kabat numbering).In some embodiments according to (or as
applied to) any of the embodiments above, the VH domain of H1 comprises a Q39K substitution
mutation, the VL domain of L1 comprises a Q38E substitution mutation, and the VH domain of H2
comprises a Q39E substitution mutation (all Kabat mumbering). In some embodiments according to {(or
as applied to) any of the embodiments above, the VH domain of H1 comprises a Q39K substitution
mutation, the VH domain of H2 comprises a Q39E substitution mutation, and the VL domain of L2
comprises a Q38K substitution mutation {all Kabat numbering).In some embodiments according to {or as
apphied to) any of the embodiments above, the VH domam of H1 comprises the Q39K substitution
mutation, the VL domain of L1 comprises the Q38E substitution mutation, the VH domain of H2
comprises a (J39E substitation mutation, and the VL domain of L2 comprises a Q38K substitution

mutation {all Kabat numbering).

[0021] In some embodiments acoording to {or as applied to) any of the embodiments above, the
mteraction between the two substituted amino acids is via hydrogen bonds. In some embodiments
according to {or as applied to) any of the embodiments above, the interaction between the two substituted

amino acids 18 via electrostatic interaction.

[0022] 1 some embodiments according to {or as applied to) anv of the embodiments above, the VH
domain of H1 comprises a Q39K substitution mutation and the CHI domain of Hl comprises the S183E

substitution mutation, the VL domain of L1 comprises a Q38E substitution mutation and the CL domain
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of L1 comprises the V133K mutation, the VH domain of H2 comprises the Q39E substitution mutation,

and the VL domain of L.2 comprises the Q38K substitution mutation.

[0023] In some embodiments according to (or as applied to} any of the embodiments above, the VH

domain of H1 comprises a (39K substitution mutation and the CH1 domain of H1 compnses the 51837
substitution mutation, the VL domain of L1 comprises a (338E substitution mutation and the CL domain
of L1 comprises the VI33K mutation, the VH domain of H2 comprises the Q39E substitution mutation,

and the VL domain of L2 comprises the Q38K substitution mutation.

[0024] In some embodiments according to {or as applied to) any of the embodiments above, the VH
domain of HI comprises a (39K substitution mutation and the CH1 domain of H1 comprises the 5183
substitution mutation, the V1 domain of L1 comprises a Q38K substitution mutation and the CL domain
of L1 comprises the V133K mutation, the VH domain of HZ comprises the Q39E substitution mutation,

and the VL domain of L2 comprises the 338K substitution mutation.

[0025] 1n some embodiments according to {or as applied to) anv of the embodiments above, the VH

domain of H1 comprises a Q39K substitution mutation and the CHI domain of H1 comprises the S183F
substitution mutation, the VL domain of L comprises a (Q38E substitution mutation and the UL domain
of L1 comprises the V133K mutation, the VH domain of H2 comprises the Q39E substitution mutation,

and the VL domain of L.2 comprises the Q38K substitution mutation.

[0026] In some embodiments according to (or as applied to} any of the embodiments above, the VH

domain of H1 comprises a Q39E substitution mutation and the CHI domain of H1 comprises the S183E
substitution mutation, the VL domain of .1 comprises a Q38K substitution mutation and the CL domain
of L1 comprises the VI33K mutation, the VH domain of H2 comprises the (39K substitution mutation,

and the VL domain of L2 comprises the Q38E substitution mutation.

[0027] In some embodiments according to {or as applied to) any of the embodiments above, the VH
domain of H1 comprises a Q39K substitution omutation, the VL domain of L1 comprises a 338E
substitution mutation, the VH domain of H2 comprises the Q39E substitution mutation and the CHI
domain of H2 comprises the S183E substitution mutation, and the VL domain of L2 comprises the Q38K

substitation mutation and the CL domain of L1 comprises the V133K mutation.

[0028] I some embodiments according to {or as applied o) anv of the embodiments above, the VH
domain of H1 comprises the Q39E substitution mutation and the CHI domain of Hlcomprises the 183K
substitution mutation, the VL domain of LT comprises the Q38K substitution rutation and the CL
domain of L1 comprises the V133E substitution mutation, the VH domain of H2 comprises a Q39K

substitution mutation and the CHI domain of H2 comprises the S183E substitution mutation, and the VL
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domain of L2 comprises a Q38E substitution mutation and the L domain of L2 comprises the V133K

mutation.

[0029] In some embodiments according to (or as applied to} any of the embodiments above, the VH
domain of H1 comprises the Q39E substitution mutation and the CHI1 domain of Hlcomprises the S183E
substitution mutation, the VL domain of L1 comprises the Q38K substifution mutation and the CL
domain of L1 comprises the V133K substitution mutation, the VH domain of H2 comprises a Q39K
substitution mutation and the CHI domain of H2 comprises the S183K substitution mutation, and the VL
domain of L2 comprises a Q38E substitution mutation and the CL domain of L2 comprises the Vi33E

mutation.

[0030] in some embodiments according to {(or as applied to) anv of the embodiments above, the VH
domain of H1 comprises the Q39E substitution mutation and the CHI domain of Hi comprises the
S183E sabstitution mutation, the VL domain of L1 comprises the (38K substitution mutation and the CL
domain of L1 comprises the V133K substitation mutation, the VH domain of H2 comprises a Q39K
substitution mutation and the CHI domain of H2 comprises the $183K substitution mutation, and the VL
domain of L2 comprises a Q38E substitution mutation and the CL domain of L2 comprises the VI33E

mutation.

[0031] in some embodiments according to {or as applicd to) any of the embodiments above, the VH
domain of Hi comprises the Q39K substitution mutation and the CH1 domain of H1 compnises the
S183E substitution mutation, the VL domain of L1 comprises the Q38K substitution mutation and the CL
domain of L1 comprises the V133E substitution mutation, the VH domain of H2 comprises a Q39E
substitution mutation and the CH1 domain of H2 comprises the S183E substitution mutation, and the VL
domain of L2 comprises a Q38K substitution mutation and the CL domain of L2 comprises the V133K

mutation.

[0032] 1 some embodiments according to {or as applied to) anv of the embodiments above, the VH
domain of H1 comprises the Q39K sabstitution mutation and the CH1 domain of H1 comprises the
S183E substitution mutation, the VL domain of L1 comprises the Q33E substitution mutation and the CL
domain of L1 comrpises the V133K substitution mutation, the VH domain of H2 comprises a Q39E
substitution mutation and the CHI domain of H2 comprises the $183K substitution mutation, and the VL
domain of L2 comprises a Q38K substitution mutation and the CL domaimn of L2 comprises the VI33E

mutation.

[0033] In some embodiments according to {or as applied to) any of the embodiments above, the VH
domain of H1 comprises the Q39K substitution mutation, the CH1 domain of Hl comprises the $183K

substitution mutation, the V1 domain of L1 comprises the Q38E substitution mutation, the CL. domain of
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L1 comprises the V133E substitution mutation, the VH domain of H2 comprises a 339E substitution
mutation, the CHI domain of H2 conprises the S183E substitution mutation, the VL domain ofL2

comprises a Q38K substitution mutation, and the CL domain of L2 comprises the V133K mutation.

[0034] In some embodiments according to {or as applied to) any of the embodiments above, cach of
H1 and/or H2 comprises an Fe region comprising a CH2 and a CH3 domain.In some embodiments
according to {or as apphied to) any of the embodiments above, the Fc region of H1 and/or H2 is human
1gG1, human 1gG2 or human 1G4 Fo. In some embodiments according to {or as applied to) any of the
embodiments above, the Fe region of H1 and/or H2 is maouse IgG1, mouse IgG2 or mouse ig(G4 Fe. In
some embodiments according to {or as applied to} any of the embodiments above, the CH3 domains of
H1 and H2 each meet at an interface, and cach of the CH3 domaing comprises an aming acid substitution
such that the Fc region of H1 preferentially pairs with that of H2 as compared to Hl. In some
embodiments according to {or as applied to) any of the embodiments above, the amuno acid substitutions
in the CH3 domains result in greater electrostatic complementarity. In some embodiments according to
{or as applied to} any of the embodiments above, the anino acid substitutions in the CH3 domains result
i greater steric complementarity. In some embodiments according to (or as apphied to) any of the
embodiments above, the CH3 domain of H1 is altered, so that within the CH3/CH3 interface, one or more
amino acid residucs are replaced with one or more amino acid residucs having a larger side chain volume,
therebv generating a protuberance on the surtace of the CH3 domain of H1 that interacts with the CH3
domain of H2 and the CH3 domain of HZ s altered so that within the CH3/CH3 interface one or more
aming acid residues are replaced with amino acid residues having a smaller side chain volume, thereby
generating a cavity on the surface of the CH3 domain of H2 that interacts with the CH3 domam of H1. In
some embodiments according to (or as applied to) any of the embodiments above, the CH3 doman of H2
is altered, so that within the CH3/CH3 imnterface, one or more amino acid residucs are replaced with one
or more aming acid residues having a larger side chain volume, thereby generating a protuberance on the
surface of the CH3 domain of H2 that mteracts with the CH3 domain of HI and the CH3 domain of Hi
is altered so that within the CH3/CH3 mterface .one or more amino acid residues are replaced amino acid
residues having a smaller side chain volume, thereby gencrating a cavity on the surface of the CH3
domain of H1 that interacts with the CH3 domain of H2 In some embodiments according to {or as applied
to} any of the embodiments above, the protuberance is a knob mutation. In some embodiments according
to {or as apphied to) any of the embodiments above, the alteration to generate the knob 15 T366W (EU
numbering). In some embodiments according to {or as applied to) any of the embodiments above, the
cavity is a hole mutation (EU numbering). In some embodiments according to {or as apphied to) any of
the embodiments above, the alterations to generate the hole are at least one of T3665, L368A, and

Y4067V,
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[0035] In some embodiments according to {or as applied to} any of the embodiments above, the knob
comprises T366W (EU numbering). fo some embodiments according to {(or as applied to) any of the
embodiments above, the hole mutation comprises at least one, at least two, or all three of T3665, L368A,

and Y407V,

[0036] In some embodiments according to {or as applied to) any of the embodiments above, the CHI
domamn of H1 is forther alicred so that within the CHI/CL mterface, two or more amine acid residuss are
replaced with an equivalent number of amino acid residues having a larger side chain volume, thereby
generating a protuberance on the surface of the CHI domain of H1 that interacts with the CL domain of
L1, and the CL domain of L1 1s further altered so that within the CHI/CL imterface, two or more apuno
acid residues are replaced with an equivalent number of amino acid residues having a smaller side chain
volume, thercby generating a cavity on the surface of the CL domain of L1 that interacts with the CHI1

domaimn of Hi.

[0037] In some embodiments according to {or as applied to} any of the embodiments above, the CL
domain 1s further altered so that within the CH1/CL nterface, two or more amino acid residues are
replaced with an cquivalent number of amino acid residues having a larger side chain volume, thereby
generating a protuberance on the surface of the CL domain that interacts with the CH1 domain of Hi, and
the CHI1 domain of H1 1s further altered so that within the CHI/CL mmterface | two or more amino acid
residues are replaced with an equivalent number of amino acid residues having a smaller side chain
vilume, thereby generating a cavity on the surface of the CHI domain of H1 that interacts with the CL

domain.

[0038]  Also provided herein is a multispecific antigen binding protein, or an antigen-binding
fragment thereof, comprising: a} a first heavy chain/light chain pair comprising a first heavy chain
polvpeptide (H1) and a first light chain polypeptide (L1}, and b} a second heavy chain/light chain pair
comprising a second heavy chain polypeptide {H2) and a second light chain polypeptide (L2}, each Hi
and H2 comprises a heavy chain variable domain {VH) and a heavy chain constant domain (CH1), and
each L1 and L2 comprises a light chain vanable domain (VL) and a light chain constant domain (CL); the
CHI domain of HI comprises an amino acid substitution at F170 (EU numbering}, and the CL domain of
L1 comprises an aming acid substitution at S176 (EU numbering). In certain embodiments according to
{or as applied to) anv of the embodiments above, L.1 is a kappa chain. In certain emboduments according
to {or as applied to} any of the embodiments above, L2 is a kappa chain. In certain embodiments

according to {or as applied to} any of the embodiments above, L1 and L2 are each a kappa chain.

[0039] 1 some embodiments according to {or as applied to) anv of the embodiments above, the CHI
domain of H1 further comprises one or more amino acid sabstitutions at a position sclected from the

group consisting oft A141, 5181, 5183, and V185 (EU numbening). In some embodiments according to
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{or as applied to) any of the embodiments above, the CL domain of L1 further compriscs one or more
amino acid substitutions at a position selected from the group consisting of F116, §131, V133, L1335,
S5162, $174, and T178 (EU numbering). In some embodiments according 1o {or as applied to) any of the

embodiments above, the amino acid substitutions result in steric complementarity.

[0040] In some embodiments according to {or as applied to) any of the embodiments above, the
one or more amino acid substitutions at a position selected from the group consisting of A141, F170,
5181, S143, and V185 (EU mumbering) of CHI and/or the ong or more aming acid substitutions at a
position selected from the group consisting of F116, S131, V133, L1335, 5162, §174, 8176, and T178

{EU numberning} of CL are not substituted with charged anuno acid residues.

[0041] in some embodiments according to {(or as applied to) any of the ermbodiments above, the CH1
domain of H1 comprises an anuino acid substifution sclecied from the group consisting of F1708 and
F170A, and the CL domain of L1 comprises an amino acid substitition of S176F. In some embodiments
according to {or as apphied to) any of the embodiments above, the CHI domain of H1 comprises the
F1708 mutation, and the CL domain of L1 comprises the S176F mutation; or the CH1 domam of Hi
comprises the F170A mutation, and the CL domain of L1 comprises the S176F mutation. In some
embodiments according to {or as applied to} any of the embodiments above, the CHI domain of Hi

comprises the F1708 mutation, and the CL domain of L1 comprises the §176F mutation.

[0042]  In some embodiments according to {or as applied to) any of the embodiments above, the CH1
domain of H1 comprises the A141L F1708, S181M, S183V, and VI85A mutations, and the CL domain
of L1 comprises the FTI6A, V1331 L1353V, S162M, 5174A 5176F, and T178Y mutations; the CHI
domain of H1 comprises the A1411L F1708, S5181M, 5183A, and V185A nutations and the CL domain of
L1 compnises the FI16A, 81310, L1335V, 51624, S174A, S176F, and T1781 mutations; the CH1 domain
of HI comprises the A1411 F1705, SI&81M, 51834, and V185A mutations and the CL domain of L1
comprises the F116A, L1335V, S174A, S176F, and T178Y mutations; or the CHI1 domain of H1
comprises the AT411L F170A, S181M, 5183V, and VI85A mutations and the CL domain of L1 compriscs
the Fi16A, L1335V, S162M, S174A, S176F, and T178VY mutations. In some embodiments according to
{or as applied to) any of the embodiments above, the CHI domain of HI comprises A1411 F170§,
SI81M, 51834, and VI85A mutations and the CL domain of L1 comprises F116A, L1353V, S174A,
ST76F, and T178V mutations.

[0043] In some embodiments aceording to {or as applied to) any of the embodiments above, the CH!1
domain of H1 comprises Al411 F1708, S181M, S183A, and V185A mutations and the CL domain of L1
comprises F116A, L135V, 51744, S176F, and T178V mutations,

11
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In some embodiments according to (or as applied to) any of the embodiments above, the CH1 domain of
H1 comprises A1411, F170S, S181M, S183A, and V185A mutations, the CL. domain of L1 comprises
F116A, L135V, S174A, S176F, and T178V mutations, the CH1 domain of H2 comprises an amino acid
substitution mutation at S183 (EU numbering) and the CL domain of L2 comprises an amino acid
substitution muatation V133K (EU numbering). In some embodiments according to (or as applied to) any
of the embodiments above, the CH1 domain of H1 comprises A1411, F170S, S181M, S183A, and V185A
mutations, the CL. domain of L1 comprises F116A, L135V, S174A, S176F, and T178V mutations, the
CHI1 domain of H2 comprises an amino acid substitution mutation at S183 (EU numbering) and the CL
domain of L2 comprises an amino acid substitution muatation V133 (EU numbering). In certain
embodiments according to (or as applied to) any of the embodiments above, the amino acid at position
S183 in the CHI domain of H2 1is replaced with a positively charged amino acid, and the the amino acid
at position V133 in the CL domain of L2 is replaced with a negatively charged amino acid. In certain
embodiments according to (or as applied to) any of the embodiments above, the amino acid at position
S183 in the CHI domain of H2 is replaced with a negatively charged amino acid, and wherein the the

amino acid at position V133 in the CL domain of L2 is replaced with a positively charged amino acid.

[0044] In some embodiments acoording to {or as applied to) any of the embodiments above, the CH1
domain of H1 comprises A1411 F1705, S181M, S183A, and V1835A mutations (EU numbering), the VH
domain of H1 comprises a Q39E mutation (Kabat numbering) and the CL domain of L1 comprises
FllcA L1335V, S174A, 5176F, and T178Y mutations {EU numbering}, the VL domain of L1 comprises
a 338K mutation (Kabat numbering), the VH domain of H2 comprises a Q39K mutation {Kabat

numbering), and the the VL domain of L2 compnses a Q38E mutation (Kabat numbering).

[0045] In some embodiments according to {or as applied to) any of the embodiments above, the CH1
domain of H1 comprises Al41l, F1708, 5181M, 5183A, and VI85A mutations (EU numbering) and the
CL domain of L1 comprises FI16A, L1355V, S174A, $176F, and T178V mutations (EU numbering), the
CH1 domain of H2 comprises an S183E mutation {EU numberning} and the CL domain of L2 comprises a

V133K mutation (EU mumbering).

[0046] In some embodiments according 1o {or as applicd to) any of the embodiments above, the CH1
domain of H1 comprises Al411 F1705, S181M, S183A, and V185A mutations (EU nuembering), the VH
domain of H1 comprises a Q39E mutation (Kabat numberning) and the CL domain of L1 comprises
Fi16A, L1335V, S174A, 5176F, and T178V mutations (EU numberning), the VL domain of L1 comprises
a 338K mutation (Kabat numbering), the CHI domain of H2 comprises an S183E mutation (EU
numberning), the VH domain of H2 comprises a Q39K nuutation {Kabat numbering), the CL domain of L2
comprises a V133K mutation (EU numbering), and the VL domain of L2 comprises a (338E mutation

{Kabat numbering).
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[0047] In some embodiments according to {or as applied to) any of the embodiments above, the CH1
domain of H1 comprises Al41l, F1708, 5181M, 5183A, and VI85A mutations (EU numbering), the VH
domain of H1 comprises a Q39K mutation (Kabat numbering), the CL domain of .1 comprises F1164,
L135V, 5174A, S176F, and T178V mutations, the VL domain of L1 comprises a Q38E mutation (Kabat
numbering}, the VH domain of H2 comprises a Q39E mutation (Kabat numbering). and the VL domain

of L2 comprises a Q38K mutation (Kabat numbering).

[0048] In some embodiments aceording to {or as applied to) any of the embodiments above, the CH1
domain of H1 comprises A1411 F1705, S181M, S183A, and V185A mutations, the CL domain of L1
comprises F116A, L1353V, 51744, 5176F, and T178V mutations, the CHI domain of H2 comprises an
S183K mutation (EU numbering), and the CL domain of L2 comprises a V133K mutation (EU

numbernng).

[0049] In some embodiments according to (or as applied to} any of the embodiments above, the CHI
domain of H1 comprises Al41L F1708, S181M, 51834, and VI8SA mutations (EU numbering), the VH
domain of H1 comprises a Q39K mutation (Kabat numbering), the CL domain of L1 comprises F1164A,
L1353V, 5174A, S176F, and T178V mutations, the VL domain of L1 comprises a 338E mutation (Kabat
numbering), the CHI domain of H2 comprises an S183K mutation (EU numbering), the VH domain of
H2 comprises a Q39E mutation (Kabat numbering), the CL domain of L2 comprises a V133K mutation

(EU numbering}, and the VL domain of 1.2 comprises a Q38K mutation {Kabat numbering).

[0050]  In some embodiments according 1o {or as applicd to) any of the embodiments above, the CH1
domain of H1 comprigses F1708, S181M, S183A, and VI85A mutations and the CL domain of L1
comprises L1335V, 51744, S176F, and T178Y mutations; the CHI domain of Hi comprises A1411
FI1708, S183A, and V185A mutations and the CL domain of L1 comprises F116A, 51744, S176F, and
T178V mutations; the CHI domain of H1 comprises A1411 F1708, S181M, and VIS5 A mutations and
the CL domain of L1 comprises F116A, L1355V, 5176F, and T178V mutations; the CHI domain of Hi
comprises Al41L F1708, S181M, and S183A mutations and the CL domain of L1 comprises F1164A,
L1353V, 5174A, S176F, and T178V mutations; the CHI domam of H1 comprises F17058, 51834, and
V185A mutations and the CL domain of L1 comprises F116A, §176F, and T178VY mutations; the CHI
domain of HI comprises F1708, S181M, and V185A mutations and the CL domain of L1 comprises
FI116A, L135Y, and 8176F mutations; the CH1 domain of HI comprises F170S, S181M, and S183A
mutations and the CL domain of LI comprises F116A, L1335V, and 5176F mutations; the CH1 domain of
H1 comprises Al41], F1708, and V185A mutations and the CL domain of LT comprises F116A and
S176F mutations; the CHI domain of HI comprises A141E F170S8, and 5183 A mustations and the CL
domain of L1 comprises F116A and S176F mutations; the CHI domain of H1 comprises Al411, F1708,
and S181M mutations and the CL domain of L1 comprises F116A, L135V, 81744, S176F, and T178V

mutations; the CH1 domain of H1 comprises F1705 and V185A mutations and the CL domain of L1
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comprises F116A and 5176F mutations; the CH1 domain of Hl comprises Al411 and F170S mutations
and the CL domain of L1 comprises F116A, L135V, 8174A, S176F, and T178V mutations; the CH1
domain of Hi comprises Al411 and F170S mutations and the CL domain of L1 comprises F116A,
L1355V, 8176F, and T178V mutations; the CHI domain of H comprises A1411 and F1705 mutations
and the CL domain of L1 compnses F116A, L1355V, 5174A, S176F, and T178V mutations; the CHI
domain of H1 comprises Al411 and F1708 mutations and the CL domain of L1 comprises F116A,
L1335V, and S176F nutations; the CHI domain of HI comprises Al411 and F170S mutations and the CL
domain of L1 comprises F116A, L1353V, and S176F mustations; the CHI domain of H1 comprises the
F1705 mutation and the CL domain of L1 comprises F116A, L1335V, 8174A, S176F, and T178V
mutations; the CH1 domain of H1 comprises the F1708 mutation and the CL domain of L1 comprises
FLI6A, L1358V, S176F, and T178V mutations; the CHI domam of H1 comprises the F1708 mutation and
the CL domamn of L1 comprises F116A, L135V, §174A, 5176F, and T178Y mutations; the CH1 domain
of H1 comprises the F170S mutation and the CL domain of L1 comprises F116A, L135V, and 8176F
mutations; or the CHI domain of H1 comprises the F1708 nwtation and the CL domain of L1 comprises

FlieA, LI35V, and S176F mutations.

[0051] in some embodiments acoording to {or as applied to) any of the embodiments above, the CH1
domain of H1 comprises the CHI domain ot H1 comprises A1411, FI708, SI81M, and S183A mutations
and the CL domain of L1 comprises F116A, L1353V, S174A, and S176F mutations; the CH1 domain of
H1 comprises F1708, S181M, and S183A mutations and the CL domain of L1 comprises F116A, and
S176F mutations; the CHI domain of H1 comprises A1411 and F1705 mutations and the CL domain of
L1 comprises F116A, L135V, 81744, and S176F mutations; the CHI1 domain of H1 comprises Al411
and F1708 mutations and the CL domain of L1 comprises F116A, and S176F mutations; the CHI domain
of H1 comprises the F1705 mutation and the CL domain of L1 comprnises F116A, L1355V, 8174A and
S5176F mutations; or the CH1 domain of Hi comprises the F1705 mutation and the CL domain of L1

comprises F1164A, and S176F oustations.

[0052] In some embodiments according to {(or as applied to) any of the embodiments above, the CHI
domain of H1 comprises A1411, F1705, and SI81M mutations and the CL domain of L1 comprises
FI16A, L1353V, S174A, 5176F, and T178V mutations. In some embodiments according to {(or as apphied
to) any of the embodiments above, the CHI domain of H1 compnses A141T and F170S mutations and the
CL domain of L1 comprises F116A, L1335V, 8174A §176F and T178VY mutations. In some
embodiments according to {or as applied to) any of the embodiments above, the CHI domain of H1
comprises the F1708 mutation and the CL domain of L1 comprises F116A, Li33V, §174A, 5176F, and

T178V mutations.
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[0053] In some embodiments according to {or as applied to) any of the embodiments above, the CH1
domain of H1 comprises Al411 and F170S mutations and the CL domain of L1 comprises F116A,

L1355V, 81744, and S176F mutations.

[0054]  Provided herein is an antigen binding protein, or an antigen-binding fragment thereof,
comprising: a} a tirst heavy chain/light chain pair comprising a first heavy chain sequence (H1) and a first
light chain sequence (L1}, and b) a second heavy chainflight chain pair comprising a second heavy cham
sequence (H2) and a second light chain sequence (L2}, each Hl and H2 comprises a heavy chain variable
domain (VH) and a heavy cham constant domain (CH1), and each L1 and L2 comprises a light chain
variable domam (VL) and a light chain constant domain {CL); the CHI doman of H1 comprises amuno
acid substitations at L128 and V185, (EU nmumbering} and the CL domain of C1 comprises a aming acid
substitutions at F118 and L1335 (EU numbering). In certain embodiments according to {(or as applied to}
any of the embodiments above, L1 is a kappa chain. fo certain embodiments according to {or as applied
to} any of the embodiments above, L2 1s a kappa chain. In certain embodiments according 1o {or as

applied to) any of the embodiments above, L1 and L2 are each a kappa chamn.

[0055]  Also provided herein is an antigen binding protein, or an antigen-binding fragment thereof,
comprising: a} a first heavy chain/light chain pair comprising a first heavy chain sequence (H1) and a first
light chain sequence (L1}, and b) a second heavy chainflight chain pair comprising a second heavy cham
sequence (H2) and a second light chain sequence (L2}, each Hl and H2 comprises a heavy chain variable
domain {VH) and a heavy chain constant domain (CH1), and cach L1 and L2 comprises a light chain
variable domam (VL) and a light chain constant domain (CL); the CHI domain of HI comprises an
aming actd substitutions at L128, (EU numbering) and the CL domain of C1 comprises a amino acid
substitutions at F118 and L1353 (EU numbering). In certain embodiments according to {(or as applied to}
any of the embodiments above, L1 is a kappa chain. fo certain embodiments according to {or as applied
to} any of the embodiments above, L2 1s a kappa chamn. In certain embodiments according 1o {or as
applied to) any of the embodiments above, L1 and L2 are ¢ach a kappa chain. In some embodiments
according to {or as apphied to} any of the embodiments above, the CHI domain of HI further comprises

an amino acid substitution at V185 (EU numberning).

[0056] in some embodiments aceording to {or as applied to) any of the embodiments above, the CH!1
domain of H1 further comprises one or rore amino acid substitutions at a position sclected from the
group consisting of: Al41, F170, 5181, and §183 (EU numbering). In some embodiments according to
{or as applied to} any of the embodiments above, the CL domain of L1 further comprises one or more
amino acid substitutions at a position sclected from the group consisting of $131, V133, 5162, T164,
8176 and T178 (EU numbering). In some embodiments according to (o1 as apphied to) any of the

embodiments above, the amino acid substitutions result in greater steric complementarity.
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[0057] In some embodiments according to {or as applied to) any of the embodiments above, the CH1
domain of Hlcomprises an amino acid substitution at a position selected from the group consisting of
Al4l, F170, 5181, and Si83, and the CL domain comprises an anuno acid substifution at a position

selected from the group consisting of $131, V133, 8162, T164, §176 and T178.

[0058] In some embodiments according to {or as applied to) any of the embodiments above, the one or
more amino acid substitutions at a position selected from the group consisting of L128 Al41, F170,
5181, S143, V185 {(EU numbernng} of CHI and/or the one or more aming acid substitutions at a position
selected from the group consisting of F118, S131, V133, and L1335 8162, T164, $176 and T178 (EU

numbenng) of CL are not substituted with charged amino acid residues.

[0059] in some embodiments according to {(or as applied to) any of the ermbodiments above, the CH1
domain of H1 comprises LI128F, Al41M, F170M, S1511 and S183A mutations and the CL domain
compriges FTIBY SI31T, VI33A LI35Y S162A, T1645, S176M, and T178L mutationg; the CHI
domain of H1 comprises L128F, A141M, F170Y, 51811 S183A, and VIS5 A mustations and the CL
domain comprises F118V, 51317, VI33A, L135F, 851624, S176A, and T178L mutations; the CH1
domain of Hi comprises L128F, A141T, F170M, SI181T, 8183A, and VI85L mutations and the CL
domain comprises F118Y, S131T, VI33A, L133F, 81624, T1645, 51767, and T178L mutations; or the
CHI domain of HI comprises L128F, A141M, F170M, S1817T, and S183A, mutations and the CL
domain comprises F1I8Y, S1317T, VI33A, L135F, 5162M, T1645, 5176M, and T178L mutations. In
some embodiments according to {or as applied to) any of the embodiments above, the CH1 domain of H1
comprises the L128F, Al41M, F170Y, 51811, SI183A, and V183A mutations, and the CL domain
compriges the FT1I8V, SI31T, VI33A, LI35F, S162A, 5176A, and T178L mutations.

[0060] n some embodiments according to {or as applied to) anv of the embodiments above, the CHI
domain of H2 comprises S183E mutation, and the CL domain of L2 comprises V133K mutation. In
some embodiments according to {or as applied to} any of the embodiments above the VH domain of H1
comprises a Q39E mutation, the VL domain of L1 comprises a Q38K mutation, the VH domain of H2

comprises a Q39K mutation and the VL domam of L2 comprises a 338E mutation.

[0061] In some embodiments according to (or as applied to) any of the embodiments above, the CH1
domain of H2 comprises S183K mutation, and the CL domain of L2 comprises V133E mutation. In some
embodiments according to {or as applied to} any of the embodiments above, the VH domain of Hi
comprises a Q39K mutation, the VL domain of L1 comprises a Q38E mutation, the VH domain of H2

comprises a Q39E mutation and the VL domain of L2 comprises a Q38K mutation.

[0062] in some embodiments acoording to {or as applied to) any of the embodiments above, the CH1

domain of H2 comprises an amino acid substitution at EU position S183, and the CL domain ot 1.2
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comprises an amino acid substitution at EU position V133, In some embodiments according to {or as
applied to} any of the embodiments above, the interaction between the amino acid substitution at EUJ
posttion 5183 on the CHI domain of H2 and the amino acid substitution at EU position V133 on the CL
domain of L2 15 via clectrostatic interaction. In some embodiments according to (or as applied to} any of
the embodiments above, the amino acid at EU position 5183 on the CHI domain of H2 is replaced with a
positively charged residue, and the amino acid at EU position V133 on the CL domain of L.2 is replaced
with a negatively charged residue. In some embodiments according to {(or as applied to) any of the
embodiments above, the amino acid at EU position 5183 on the CHI domain of H2 13 replaced with a
negatively charged residue, and the amino acid at EU position V133 on the CL domain of L2 is replaced
with a positively charged residue. In some embodiments according to (or as applied to) any of the
embodiments above, the CHI domain of H2comprises an amino acid substitution at a position selected
from the group consisting of EU position S183A, S183T, S183V, §183Y, 5183F, S183H, S183N, S183D,
SI83E, S183R, and S183K, and the CL domain of L2 comprises an amine acid substitution at a position
selected from the group consisting of EU position VI33E, V1338, VI33L, VI33W, VI33K, VI33R, and
V133D,

[0063] In some embodiments according to {or as applied to) any of the embodiments above, the (H1
domain of H2 comprises the EU position S183D mutation, and the CL domain of L2 comprses the EU
position V133K mutation; the CHI domain of H2 comprises the EU position S183E mutation, and the
CL domain of L2 comprises the EU posttion V133K matation; the CHI domain of H2 comprises the EU
position S183A mutation, and the CL domain of L2 comprises the EU position ¥V 133E mutation; the CHI
domain of H2 comprises the EU position S183A mutation, and the CL domain of L2 comprises the EU
position V1338 mutation; the CHI domain of H2 comprises the EU position S183A mutation, and the CL
domain of L2 comprises the EU position V1331 mutation; the CHI domain of H2 comprises the EU
position 5183 A mutation, and the CL domain of L2 comprises the EU position V 133W mutation; the
CH1 domain of H2 compuses the £U position 5183 A mutation, and the CL domain of L2 comprises the
EU position V133K mutation; the CHI domain of H2 comprises the EU position 5183 A mutation, and
the CL domai of L2 comprises the EU position V133R mutation; the CHI domain of H2 comprises the
EU position S183A mutation, and the CL domain of L2 comprises the EU position V133D mutation; the
CH1 domain of HZ comprises the EU position S183T mutation, and the CL. domain of L2 comprises the
EU posttion V133E mutation; the CH1 domain of H2 comprises the EU position S183T mutation, and the
CL domain of L2 comprises the EU position V1335 mutation; the CHI domain of H2 comprises the EU
position 5183 T mutation, and the CL domain of L2 comprises the EU position V1331 mutation; the CHI
domain of H2 comprises the EU position S183T mutation, and the CL domain of L2 comprises the EU
position ¥V 133W outation; the CHI domain of H2 comprises the EU position 81837 mutation, and the
CL domam ot L2 comprises the EU position V133K mutation; the CHI domam of H2 comprises the EU

position S183T mutation, and the CL domain of L2 comprises the EU position V1I33R mutation; the CHI
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domain of H2 comprises the EU position 51837 mutation, and the CL domain of L2 comprises the EU
posttion ¥ 133D mutation; the CH1 domain of H2Z comprises the EU position S183V nutation, and the
CL domain of L2 comprises the EU position V133E mutation; the CHI domam ot H2 comprises the EU
position 5183V mutation, and the CL domain of L2 comprises the EU position V13385 mutation; the CHI
domain of H2 comprises the EU position S183V mutation, and the CL domain of L2 comprses the EU
position V1331 sutation; the CHI domain of H2 comprises the EU posttion S183V nutation, and the
CL domam ot L2 comprises the EU position V133W mutation; the CH1 domain of H2 comprises the EU
position S183V mutation, and the CL domain of L2 comprises the EU position V133K mutation; the
CH1 domain of HZ comprises the EU position 5183V mutation, and the CL domain of L2 comprises the
EU posttion V133K nuttation; the CHI domain of H2 comprises the EU position 8183V mutation, and
the CL domam of L2 comprises the EU position V133D mutation; the CHI domain of H2 comprises the
EU position S183Y mutation, and the CL domain of L2 comprises the EU position VI33E mutation; the
CH1 domain of H2 comprises the EU position 5183Y mutation, and the CL domain of L2 comprises the
EU posttion V1338 mutation; the CHI domain of H2 comprises the EU position S183Y mutation, and
the CL domam of L2 comprises the EU position V133L mutation; the CHI domain of H2 comprises the
EU position S183Y mutation, and the CL of L2 domain comprises the EU position VI33W mutation; the
CH1 domain of H2 comprises the EU position 5183Y mutation, and the CL of L2 domain comprises the
EU position V133K mutation; the CHI domain of H2Z comprises the EU position S183Y mutation, and
the CL domain of L.2 comprises the EU position V133K nmutation; the CHI domain of H2 comprises the
EU position S183Y mutation, and the CL domain of L2 comprses the EU position V133D mutation; the
CHI domain of H2 comprises the EU position S183F mutation, and the CL domain of L2 comprises the
EU position V133E mutation; the CH1 domain of H2 comprises the EU position S183F mutation, and the
CL domain of L2 comprises the EU position V1338 mutation; the CHI domaim of H2 comprises the EU
position S183F mutation, and the CL domain of L2 comprises the EU position VI33L mutation; the CH1
domain of H2 comprises the EU position S183F mutation, and the CL domain of L2 comprises the EU
position V133W mutation; the CH1 domain of HZ comprises the EU position $183F mutation, and the
CL domain of L.2 comprises the EU position V133K mutation; the CH1 domain of H2 comprises the EU
posttion S183F mutation, and the CL domain of L2 comprises the EU position VI33R mutation; the CHI
domain of H2 comprises the EU position S183F mutation, and the CL of L2 domain comprises the EU
position V133D mutation; the CHI domamn of H2 comprises the EU position S183H mutation, and the
CL domain of L2 comprises the EU position V1338 mutation; the CHI domaim of H2 comprises the EU
position S183H mutation, and the CL domain of L2 comprises the EU position V1331 mutation; the CH1
domain of H2 comprises the EU position S183H mutation, and the CL domain of L2 comprises the EU
position V133W mutation; the CHI domain of H2 comprises the EU position §183N nnitation, and the
CL domain of L2 comprises the EU position V1331 mutation; or the CHI domain of H2 comprises the
EU posttion S183E mutation, and the CL domain of L2 comprises the EU position V1331 mutation In

some embodiments according to (or as applied to) any of the embodiments above, the CHI domain of H2
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comprises the EU position S183D substitution, and the CL domain of L2 comprises EU position V133K
substitution. In some embodiments according to {or as applied to) any of the embodiments above, the

CHI domain ot H2 and the VL domain of L2 do not comprise an amino acid substitution.

[0064] in some embodiments according to {or as applied to) any of the embodiments above, the VH
domain of Hi comprises an amino acid substitution at Kabat position 939, and the VL domain of V1
comprises an aming acid sobstitution at Kabat position Q38. In some embodiments according to (or as
applied to) any of the embodiments above, the amino acid at Kabat position Q39 on the VH domain of
H1 1s replaced with a positively charged residue, and the amino acid at Kabat position Q38 onthe VL
domain of L1 1s replaced with a negatively charged residue. In some embodiments according to {or as
applied to} any of the embodiments above, the amino acid at Kabat position 339 on the VH domain of
H1 is replaced with a negatively charged residue, and the amino acid at Kabat position 338 on the VL
domain of L1 is replaced with a positively charged residuc. In some embodiments according to {or as
apphied to) any of the embodiments above, the positively charged residue 1s selected from the group
consisting of R and K. In some embodiments according to (or as applied to} any of the embodiments
above, the negatively charged residue is selected from the group consisting of D and E. In some
embodiments according to {or as applied to} any of the embodiments above, the VH domain of HI
comprises a Kabat position (39E substitution mutation, the V1. domain of L1 comprises a Kabat position
338K substitution, the VH domain of H2 comprises a Kabat position Q39K substitution mutation, and

the VL domain of L2 comprises a Kabat position 38E substitution mutation.

[0065] n some embodiments according to {or as applied to) anv of the embodiments above, the VH
domain of H1 comprises a Kabat position Q39E substitution mutation, the VL domain of L1 comprises a
Kabat position Q38K substitution. In some embodiments according to {or as applied to) any of the
embodiments above, the VH domain of H1 comprises a Kabat position Q39E substitution mutation, the
VL domain of L1 comprises a Kabat position Q38K substitution, and the VH domain of H2 comprises a
Kabat position Q39K substitution mutation In some embodiments according to {or as applied to} any of
the embodiments above, the VH domain of H1 comprises a Kabat position Q339E substitution mutation,
the VL. domain of L1 comprises a Kabat position Q38K substitution, the VH domain of HZ comprises a
Kabat position Q39K substitution mutation, and the VL domain of L2 comprises a Kabat position Q38E

substitution mutation.

[0066] n some embodiments according to {or as applied to) anv of the embodiments above, the VH
domain of H1 comprises a Kabat position Q39K substitution mutation, the VL domain of L1 comprises a
Kabat position Q38E substitution. In some embodiments according to {(or as applied to) any of the
embodiments above, the VH domain of H1 comprises a Kabat position Q39K substitution mutation, the
VL. domain of L1 comprises a Kabat position Q38E substitution, and the VH domain of H2 comprises a

Kabat position Q39E substitution mutation. In some embodiments according to {(or as applied to) any of
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the embodiments above, the VH domaio of H1 comprises a Kabat position Q39K sobstitution mutation,
the VL domain of L1 comprises a Kabat position (Q38E substitution, the VH domain of HZ comprises a
Kabat position Q39E substitution mutation, and the VL domam of L2 comprises a Kabat position Q38K

substitution mutation.

[0067] In some embodiments according to {or as applied to) any of the embodiments above, HI

preferentially pairs with L1 as compared to L2, and H2 preferentially pairs with L2 as compared to L1.

[0068] In some embodiments according to {or as applied to) any of the embodiments above, Hi
comprises an Fe region comprising a CH2 and a CH3 domain. In some embodiments according to {or as

applied to) any of the embodiments above, the Fo region of HY and/or H2 15 IgG1, 162 or [5G4 Fe.

[0069] In some embodiments according to {or as applied to) any of the embodiments above, the Fo

region of Hi and/or H2 is mouse Ig(5l, mouse 1gG2 or mouse 1gG4 Fe.

[0070] In some embodiments according to (or as applied to) any of the embodiments above, the CH3
domains of HI and H2 cach meet at an interface, and each of the CH3 domains comprises an amino acid
substitution such that the Fe region of Hi preferentially pairs with that of H2 as compared to H1. In
some embodiments according to {or as applied to} any of the embodiments above, the amino acid
substitutions in the CH3 domains result m greater electrostatic complementarnity. In some embodiments
according to {or as applied to} any of the embodiments above, the amino acid substitutions in the CH3

domains result in greater steric complementarity,

[0071] In some embodiments according to (or as applied to) anv of the embodiments above, the CH3
domain of H1 is altered, so that within the CH3/CH3 interface, one or more amino acid residugs are
replaced with one or more amino acid residucs having a larger side chain volume, thereby generating a
protuberance on the surface of the CH3 domain of Hi that interacts with the CH3 domain of H2; and the
CH3 domain of H2 is altered so that within the CH3/CH3 mterface one or more aming acid residues are
replaced with amino acid residues baving a smaller side chain volume, thereby generating a cavity within

on the surface of the CH3 domain of H2 that interacts with the CH3 domain of Hi.

[0072] in some embodiments according to {or as applied to) any of the embodiments above, the CH3
domain of H2 1s altered, so that within the CH3/CH3 interface, one or more amino acid residucs are
replaced with one or more anmino acid residues having a larger side cham volume, thereby generating a
protuberance on the surface of the CH3 domain of H2 that interacts with the CH3 domam of H1; and the
CH3 domain of Hi is altered so that within the CH3/CH3 mnterface ,one or more amino acid residues are
replaced amino acid residues having a smaller side chain volume, thereby generating a cavity on the

surface of the CH3 domain of HI that mnteracts with the CH3 domam of H2.
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[0073] In some embodiments according to (or as applied to} any of the embodiments above, the
protuberance is a knob. In some embodiments according to (or as applied to) any of the embodiments
above, the alteration to generate the knob 15 T366W. In some embodiments according to {or as applied
to} any of the embodiments above, the cavity 1s a hole. In some embodiments according to (or as apphied
to} any of the embodiments above, the alterations to generate the hole are at least one of T3665, L368A,

and Y407V,

[0074] In some embodiments aceording to {or as applied to) any of the embodiments above, the knob
comprises T366W (EU numbenng). In some embodiments according to (or as applied to} any of the
embodiments above, the hole mutation comprises at least one, at least two, or all three of T3665, L3684,

and Y407V,

[0075] n some embodiments according to {or as applied to) anv of the embodiments above, Hi
preferentially pairs with L1 as compared to L2, and wherein H2 preforentially pairs with L2 as compared

to L1

[0076] In some embodiments according to (or as applied to} any of the embodiments above, the first

antigen and the second antigen are the same. In some embodiments according to {or as applied to) any of
the embodiments above, the first heavy chain/light chain pair and the sccond heavy chain/light chain pair
cach bind to a different epitope on the same antigen. In some embodiments according to {or as applied to}

anv of the embodiments above, the first antigen and the second antigen are different.

[0077]  Also provided herein is a pharmaceutical composition comprising the multispecific antigen
binding protein of any of the embodiments above, and a pharmaceutically acceptable carmer. Further
provided herein is a method of treating a disease in an individeal, comprising administering to the
individual an effective amount of the pharmaceutical composition according to {or as applied to) any of

the embodiments above.

[0078] Isolated nucleic acids{s} encoding at least one polypeptide sequence of the multispecific
antigen binding protein of any onc of the embodiments above are provided. Also provided is a vector
comprising the nucleic acid(s) according to {or as applied to) any of the embodiments above. Also
provided is an 1solated host cell compnising the nucleie acid{s) according to (or as applied to) any of the

embodiments above, or the vector according to {(or as applied to) any of the embodiments above.

[0079] In some embodiments according to (or as applied to) anv of the embodiments above, the host
cell is a prokarvotic host cell, and E. coki cell, g eukarvotic host cell, a yveast cell, a mammalian cell, ora

CHO cell
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[0080]  Provided herein is a method of producing the multispecific antigen binding protein according
to {or as applied to) any of the embodiments above, comprising: (a) obtaining the HI, H2, L1, and L2
polypeptides; (b) allowing H1 to pair preferentially with L1 as compared to L2, and H2 1o pair

preferentially with L2 as compared to L1 so as to form the multispecific antigen binding protein.

[0081]  Also provided is a method of producing the multispecitic antigen binding protein according to
{or as applied to} any of the embodiments above, comprising: {a} introducing a set of polynucleotides
encoding H1, L1, H2, and L2 into a host cell; and {b) culturing the host cell to produce the multispecific
antigen binding protein. In some embodiments according to {or as applied to) any of the emodiments
above, the set of polvnucleotides encoding Hi, L1, H2, and 1.2 1s introduced into the same host cell. In
some embodiments according to {or as applied to) any of the emodiments above, the set of
polvrucleotides encoding Hi, L1, HZ, and L2 is introduced into a cell line. In some embodiments
according to {or as applied to) any of the emodiments above, the cell line is a stable cell line stably
coexpressing H1, L1, H2, and L.2. In some embodiments according to {or as applied to} any of the
emodiments above, the cell line is a stable cell line stably expressing the multispecific antigen binding
protein. In some embodiments according to {or as applied to} any of the embodiments above, the set of
polynucieotides encoding HE, L1, H2, and 1.2 arg introduced into the host ¢ell at a predetermined ratio.
In some embodiments according to {or as applied to} any of the embodiments above, the method further
comprises determuining an optimal ratio of the polynucleotides for introduction into the host cell. In some
embodiments according to (or as applied to) any of the embodiments above, the multispecific antigen
binding protein is produced with a relative yield of 60% or higher. In certain embodiments according to
{or as applied to) anv of the embodiments above, the multispecific antigen binding protein is produced
with a relative vield of at least about 70%, at least about 71%, at least about 71%, at least about 72%, at
feast about 73%, at least about 74% |, at least about 75%, at least about 76%, at least about 77%, at least
about 78%, at least about 79%, at least about 80%, at least about 81%, at least about 82%, at least about
83%, at lcast about 84%, at lcast about 85%, at lcast about 86%, at lcast about 87%, at lcast about 88%, at
Icast about 89%, at least about 90%, at least about 91%, at least about 92%, at least about 93%, at least
about 94%, at least about 95%, at least about 96%, at least abowut 97%, at least about 99%, or more than
about 99%. In certain embodiments according to {or as applied to) any of the embodiments above, the
multispecific antigen binding protein is produced with a relative vicld of at least about 83%, at least about
86%, at least about 87%, at least about 88%, at least about 89%, at least about 90%, at least about 91%, at
feast about 92%, at least about 93%, at least about 94%, at least about 95%, at least about 96%, at least
about 97%, at least about 99%, or more than about 99%. In certain embodiments according to {or as
applied to) any of the embodiments above, the raultispecific antigen binding protein is produced with a
relative yield of at least about 90%, at least about 919, at least about 92%, at least about 93%, at least
about 94%, at least about 95%, at least about 96%, at least about 97%, at least about 99%, or more than

about 99%. In certain embodiments according to (or as applicd to) any of the embodiments above, the
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multispecific antigen binding protein is produced with a relative vicld of at least about 95%, at least about

96%5, at least about 97%, at least about 99%, or more than about 99%.

[0082]  Alsc provided is a method of producing a muliispecific antigen binding protein comprising
culturing the host cell according to {(or as applied to) anv of the embodiments above, and producing the
multispecific antigen binding protein. In some embodiments accordimg to (or as applied to) anv of the
embodiments above, the method further comprises recovering the multispecific antigen binding protein.
Also provided 1s a multispecific antigen binding protein produced by the methods according to {or as

applied to) any of the embodiments above.

[0083] Provided herein is a library comprising a plurality of polynuclectides encoding a plurality of
multispecific antigen binding proteins according to (or as applied to) any of the embodiments above.
Also provided 15 a method of screening for a multispecific antigen binding protein that binds to a first
antigen and a second antigen, comprising: {a) obtaining a phurality of multispecific antigen binding
proteins from the bbrary according to (o7 as applied to) any of the embodiments above; (b) agsaying for
binding of the plurality of multispecific antigen binding proteins to the first and second antigen; and {(¢)

wdentifying the multispecific antigen binding protein that binds to the first and second antigen.

[0084] Also provided is a computer readable medium for evaluating a multispecific antigen binding
protein comprising 1} a first heavy chain/light chain pair binding to a furst antigen which comprises a first
heavy chain sequence (H1) and a fivst ight chamn sequence (L1), and 2) a second heavy chain/light chain
pair binding to a second antigen which comprises a second heavy chain sequence (H2) and a second light
chain sequence (L2), wherein each H1 and H2 comprises a heavy chain variable domain (VH) and a
heavy chain constant domain {CH1}, and cach L1 and L2 comprises a light chain variable domain (VL)
and a hight chain constant domain (CL); comprsing: a) a dataset comprising data representing amino
acid substitettons m H1, L1, H2, and L2, wherein at least one of the amino acid sebstitutions in the CHI
domain of H1 comprises an amino acid substitution at EU position F170 or L128 and V185, and wherein
the CL domain comprises an anuno acid substitution at EU position $176 or F118 and L135; and/ora
dataset comprnising data representing amino acid substitutions in Hi, LT, H2, and L2, wherein at least one
of the aming acid substitutions in the CHI domain of HI comprises an amine acid substitution at EJ
position 5183, and wherein the of C1 comprises an amine acid substitution at EU position V133, and (b)
computer executable code for determining the hikelihood that Hi will preferentially pair with L1 as

compared to L2 and/or H2 will preferentially pair with L2 as compared to L.

[0085]  Also provided is a computer readable medium for evaluating a multispecific antigen binding
protein comprising 1} a first heavy chainflight chain pair binding to a first antigen which comprises a first
heavy chain sequence (H1) and a first hight chain sequence (L1}, and 2} a second heavy chain/light chain

pair binding to a second antigen which comprises a second heavy chain sequence (H2) and a second hght

23



WO 2016/172485 PCT/US2016/028850

chain sequence (L2}, wherein each H1 and H2 comprises a heavy chain variable domain {VH)and a
heavv chain constant domain (CH1), and each L1 and L2 comprises a light chain variable domain (V1)
and a light chain constant domain (CL), compnising: a) a dataset comprising data representing anuno
acid substitutions i H1, L1, H2, and L2, wherein at least one of the anino acid substitutions in the CHI
domain of H1 comprises an amino acid substitution at EU position F170 or L1238, and wherein the CL
domain comprises an amino acid substitution at EU position 8176 or F118 and L133; and/or a dataset
comprising data representing amino acid substitutions i H1, L1, H2, and L2, wherein at least one of the
aming actd substitutions in the CHI domain of HI comprises an amino acid substitution at EU position
8183, and wherein the of C1 comprises an amino acid substitution at EU position V133, and (b}
compuier executable code for deternuning the hikelihood that HI will preferentially pair with L1 as
compared to L2 and/or H2 will preferentially pair with L2 as compared to L1, In certain embodiments, in
the dataset comprising data representing aming acid substitutions in H1, L1, H2, and 1.2, the at least one
of the aming acid substitations in the CHI domain of HI comprises an amino acid substitution at EU

position F170 or 1128 and V1835,

BRIEF DESCRIPTION OF THE DRAWINGS

[0086] FIG. 1 (FIG. A and FIG. 1B) shows protein A recovery from | mi 2937 cultures of antibodies
containing a heavy chain bearing a substitution mutation at position L128, (3143, L145, 5183, or V1385

and a light chain bearing a sobstitution at F118, V133, or L1335,

[0087] FIG. 2 provides the results of mammalian culture expression assays that were performed to
wdentify amino acid mutations 1n CH1 that restore antibody expression when co-expressed with CL

having a F118, V133, or L1353 substitution mutation.

[0088] K. 3 provides a schematic of the interior of the interface of the light chain constant region

{CL) and the heavy chain CH1 domain.

[0089] K1 4 provides the results of mammalian culture expression assays that were performed to
analyze antibody cxpression in cultures expressing a light chains/heavy chain pair having V133X/8183X

substitution mutations.

[0090] Fi{:s 5 shows the results of FACS analyses of binding to the antigen IL-13 of various mutant

antibodies with anmino acid substifutions etther in VH Q39 or VL Q38 or both.

[0091] Fli{s. 6 the results of additional FACS analyses that were performed to identify Q39X-
VH/Q38X-VL mutant pairs that favor VH/VL paining.

[0092] FIG. 7 shows the results of mammalian culture expression assavs that were performed to

identify Q39X-VH/Q38X-VL mutant pairs that favor VH/VL pairing.
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[0093] FIG, 8 shows exemplary results for the % presence of bispecific antibody variants with correct
heavv chain-light chain pairing, measured by Orbitrap mass spectrometry from mammalian co-cxpressed
antibodies. The mutants tested are shown on the X-axis. The four letters in each set of mutations refers to

the aming acid substitutions at Q39X /Q38X oy knob/(39X0,/(038X ¢y hole, respectively.

[0094] FI(. 9A shows the results of QTOF assays performed to assess heavy chain/light chain pairing
i a 4D5/UCHT! bispecific antibody. FIG. 9B shows the results of QTOF assays performed to assess
heavy chain/light chain pairtog 1n a 4D5/UCHT! bispecific antibody that was modified so that the 4D5
arm contained a VL having the Q38K mutation and a VH having a Q39E mutation and the UCHT1 amm

contained a VL having the Q38E mutation and a VH having a Q39K mutation ("EKKE”).

[0095] FIG. 184 shows an enlargement of FIG. 10B. FIG. 108 shows the results of high resolution
mass spectrometry performed to assess heavy chain/light chain paring in a bispecific 4D5/UCHTI
antibody in which the UCHTT amm was modified to contain VL-Q38E, CL-V133K, VH-(339K, and CH-
1-5183E mutations, and in which the 405 arm of the 4DS/UCHT! antibody was modified to contain VL-
(338K and VH-Q39E mutations. FIG. 10C shows an enlargement of FIG. 16D, FIG. 10D shows the
results of high resolution mass spectrometry performed to assess heavy chain/light chain paring in a
bispecific 4D3/UCHTT antibody in which the UCHTI arm was modified to contain CL-V 133K and CH-
1-S1E3E mutations. FIG. 10K shows the results of high resolution mass spectrometry performed to

assess heavy chain/light chain paring in a WT bispecific 4D3/UCHT antibody.

[0096] FIG 1A shows the overlapping crystal structures of the wild type 4D5 Fab and the 4D3 Fab
modified to have VL-Q38K, CL-V133E, VH-Q39E, and CHI1-8183K mutations. FIiG. 11B shows the
bonds (e.g., salt bridges and hydrogen bonds} formed by VL-Q38K and VH-Q39E in the modified 4D5
Fab. FIG. 11C shows the bonds (e.g., salt bridges and hydrogen bonds) formed by CL-VI133E and CHI-
S183K in the modified 4DS Fab.

[0097] FI{ 12A shows the overlapping crystal structures of the wild type 4D5 Fab and the 4D3 Fab
modified to have VL-Q38E, CL-V133K, VH-Q39K, and CHI-S133E mutations. FIG. 12B shows the
bonds formed by VL-Q38E and VH-Q39K in the modified 455 Fab. ¥FIG. 12 shows the bonds formed
bv CL-~-V 133K and CH1-5183E m the modified 4035 Fab.

[0098] FIG. 13A depicts one design approach (i.e., “Approach A”) for generating a mutant CHI/CL
pair. FIG. 138 depicts a sccond design approach (.e., “Approach B”) for generating a mutant CHU/CL
pair for 4D53/UCHTT bispecific antibody {anti-HER2/anti-CD3).

[0099] FIG. 14 shows a schematic diagram of the sandwich ELISA experiment used to determine

bispecific IgG content from single cell co-expression.
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[0106]  FIG, 15 shows the resulis of sandwich ELISAg performed on the J520, J578, Y518, and YT65

varianis.

{0101]  FIG. 16A provides the amino acid sequences of portion of the heavy chains of J520 (SEQ ID
NO: 49), JS78 (SEQ D NO: 50), JT20 (SEQ ID NO: 51), JT25 (SEQ ID NO: 52}, YSO8 (SEQ ID NO:
28), YSIS (SEQ ID NQ: 29), YT65 (SEQ 1D NO: 29), and YT34 vanants (SEQ ID NO: 44). FIG 16A
also provides the amino acid sequence of portion of the 4D3 wild tvpe heavy chain “4DSwi-He” (SEQ 1D
NG: 673, FIG. 16B provides the amino acid sequences of portion of the light chains of JS20 (SEG 1D
NO: 69y, ISTS (SEQ ID NO: 70), JT20 (SEQ ID NO: 71, JT25 (SEQ ID NO: 72), YSO8 (SEQ ID NO:
73y, YSI8(SEQ ID NO: 74), YT63 (SEQ 1D NO: 75}, and YT34 vanants (SEQ ID NG: 76). FIG 16B
also provides the amino acid sequence of portion of the 4D3 WT hight cham “4D3wi-Le” (SEQ ID NO:
68.

[0102]  FIG. 17A shows the results of mass spectrometry performed on a wild-type 4DS/UCHT1
coexpressed bispecific antibody. FI1G. 178 shows the results of mass spectrometry performed ona
4DS/UCHTT coexpressed antibody comprising YT65 CH/CL mutations and VH-Q39E and VL-Q38K
mutations on the 4D5 arm, and VE-Q38E and VH-Q39K mutations on the UCHT1 arm.

[0163] FIG. 18A shows the results of mass spectrometey performed on a wild-type 4BS/UCHT
bispecific antibody. F1G. 18B shows the results of mass spectrometry performed on a 4D5/UCHT |
antibody comprising YT65 CH1/CL mutations and VH-Q39E and VL-Q38K mutations on the 4D35 amm,
and VL-Q38E and VH-Q39K mutations on the UCHTT arm.

[0164] FIG. 19A provides the amino acid sequences of portion of the heavy chains of the YT65 (SEQ
IR NO: 78), YT63.1 (SEQ ID NO: 79), YT65.2 (SEQ ID NO: 80), YT65.3 (SEQ ID NO: 813, YT635.4
(SEQ ID NGQ: 82), YT65.5 {(SEQ 1D NO: 83}, YT65.6 (SEQ ID NO: 84), YT65.7 (SEQ 1D NO: 85},
Y1638 (SEQID NG 86), YT659 (SEQ ID NO: 87), YT65 10 (SEQ ID NO: 88), YT65 11 (SEQ ID
NO:89), YT65.12 (SEQ ID NO: 90), and YT65.13 variants (SEQ D NO: 91}, FIG 19B discloses
portion of the 4D5 wit heavy chain sequence "4DSwi-He" as SEQ ID NO: 77, FIG. 19B provides the
aming acid sequences of portin of the light chains of the YT65 (SEQ ID NQ: 93}, YT65 1 (SEQ 1D NO:
943, YT63.2 (SEQ ID NO: 95), YT653 (SEQ ID NO: 96). YT654 (SEQ ID NO: 97), YT65 5 (SEQ ID
NG: 98), YT65.6 (SEQ ID NG 99), and YT63.7 vanants (SEQ 1D NG: 1003, FI 19B discloses portion
of the 4D35 wt light chain sequence "4D5wi-Le™ as SEQ ID NG: 92,

[0185]  FIG. 20A shows the results of pH neutral native mass spectrometry performed on a
4D5/UCHTT antibody comprising Y163 CHY/CL mutations and VH-Q39E and VL-Q38K mutations on
the 4D3 arm, and VH-Q39K and VL-Q38E mutations on the UCHTT arm. FIG. 208 shows the results
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of experiments that were performed to confirm the detection sensitivity of the analysis used to obtam the

data in Figure 20A.

[0106]  FIG, 21 shows the quantitative results of high resolution mass spectrometry experiments
performed to assess the ctfects of YT65, EKKE, and both Y163 and EKKE on heavy chain/light chain
pairing in anti-fIL4/TL13, anti-EGFR/MET, anti-VEGFA/ANG? anti-VEGFA /VEGFC, and anti-
HER2/CD3 (i.e., 4D5/UCHT1) bispecific antibodies.

[0187]  FIG. 22A shows the crystal structure of the 4D Fab modified to have VL-Q38K, VH-Q39E,
and the Y'T65 mutations. FIG., 22B shows overlapping crvstal structures of a CHI domain of the wild

type 415 Fab and the CH1 domain of the 4D5 Fab modified to have the Y'T65 mutations.

[0188]  FI{ 23 shows the biclogical activites of anti-HER2/CD3 + EKKE + VI33K/5183E,,, anti-
HER2/CD3 + EKKE + Y'T63,,, and unmodified anti-HER2/CD3 1 an in vifro T-cell mediated B-cell

cytotoxicity assay.

10189  FIG 24 cshows the mean serum levels of (1} anti-HER?2, {i1) anti-gV/CD3, (11} anti-HERZ/CD3,
(iv} anti-HERZ/CD3 + EKKE + YT635 0, and (v} anti-HER2/CD3 + EKKE + VI33E/S 183K e T
V133K/5183 e at various time points following 5 mg/kg wntravenous administration of the antibody in

. B-17 SCID mice.

DETAILED DESCRIPTION OF THE INVENTION

{0118]  Unless defined otherwise herein, all technical and scientific terms used herein have the same
meaning as coramonly understood by one of ordinary skall in the art to which this invention belongs.
Singleton, et of, DICTIONARY OF MICROBIOLOGY AND MOLECULAR BIOCLOGY, 2D Ed., John
Wiley and Sons, New York (1994), and Hale & Margham, THE HARPER COLLINS DICTIONARY OF
BICLOGY, Harper Perennial, NY (1991} provide one of skill with a gencral dictionary of many of the
terms used in this tvention. Although any methods and materials similar or equivalent to those described
hercin can be used in the practice or testing of the present invention, the preferred methods and materials
are described. Numenc ranges are inclusive of the numbers defining the range. Unless otherwise
indicated, nucleic acids are writien left to right in 57 to 37 orientation; amino acid sequences are written
left to right in amino to carboxy orientation, respectively. Practitioners are particularly directed to
Sambrook ef al, 1989, and Ausubel FM ef af., 1993, for definitions and terms of the art. It 1s {o be
understood that this invention s not limited to the particular methodology, protocols, and reagents

described, as these may vary.

[011%]  Numeric ranges are inclusive of the numbers defining the range.
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[0112]  Unless otherwise indicated, nucleic acids are written left to right in 57 t0 37 orientation; amino

acid sequences are written left to night in amino to carboxy orientation, respectivelv.

{0113} The headings provided herein are not limitations of the various aspects or embodiments which
can be had by reference to the specification as a whole. Accordingly, the terms defined immediately

below are more fully detined by reference to the specification as a whole.
Definitions

[0114]  The term “multispecific antigen-binding protein” herein is used in the broadest sense refers o a
binding protein capable of binding two or more antigens. In certain aspects the multispectfic binding
protein refers to a bispecific antibody, e.g., a human bispecific antibody, a humanized bispecific
antibody, a chimeric bispecific antibody, or a mouse bispecific antibody. In certain embodiments, a
multispecific antigen-binding proiein provided herein, such as a bispecific antibody, binds to two
different antigens. In certain embodiments, the multispecific antigen-binding protein, such as a bispecific

antibody, binds to different epitopes on one antigen.

{0115}  The term “antibody” herein is used in the broadest sense and refers to any immunoglobulin (Jg)
molecule comprising two heavy chains and two light chams, and any fragment, mutant, vanant or
derivation thereof so long as they exhibit the desired biological activity {e.g., epitope binding activity).
Examples of antibodies include monocional antibodies, polyclonal antibodies, multispecific antibodies
{e.g., bispecific antibodies} and antibody fragments as descrnibed herein. An antibody can be mouse,

chimeric, human, humanized and/or affinity matured.

[0116]  Asaframe of reference, as used herein an antibody will refer to the structure of an
immunoglobulin G (Ig). However, one skilled in the art would understand/rocognize that an antibody of
any immunoglobulin class may be utilized in the mventive method descnbed herein. For clanty, an IgG
molecule contains a pair of heavy chains (HCs) and a pair of light chains (LCs}. Each LC has one
variable domain (VL) and one constant domain (CL), while each HC has one variable (VH) and three
constant domains (CHI, CHZ2, and CH3). The CHI and CH2 domains are connected by a hinge region.

Thus structure i1s well known 1n the art.

{0117} Brefly, the basic 4-chain antibody unit is a heterotetrameric glycoprotein composed of two
fight (1.} chams and two heavy (H) chains (an IgM antibody consists of 5 of the basic heterotetramer unit
along with an additional polyvpeptide called J chain, and therefore contain 10 antigen binding sites, while
secreted IgA antibodies can polvimerize to form polyvalent assemblages comprising 2-5 of the basic 4-
chain units along with J chain}. In the case of IgGs, the 4-chain unit is generally about 130,000 daltons.
Each L chain is linked to an H chain by one covalent disultide bond, while the two H chams are hinked to

each other by one or more disulfide bonds depending on the H chain isotype. Each Hand L chain also
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has regularly spaced intrachain disulfide bridges. Each H chain hag at the N-terminus, a variable domain
(V) followed by three constant domains (C, ) for cach of the ¢ and y chans and four Cyy domains for p
and & 1sotypes. Each L chaim has at the N-terminus, a variable domain (V) followed by a constant
domain (C ) atits other end. The V| 1s aligned with the V_and the C_is aligned with the first constant
domain of the heavy chain (C 1) Particular amino acid residues are believed to form an interface
between the light chain and heavy chain variable domains. The pairing of a V_ and V together forms a
single antigen-binding site. For the structure and properties of the different classes of antibodigs, see,
e.g., Basic and Chnical Immunology, 8th edition, Daniel P. Stites, Abba [ Terr and Tristram G. Parslow

{eds ), Appleton & Lange, Norwalk, CT, 1994, page 71 and Chapter 6.

[0118]  The L chain from any veriebrate spocies can be assigned to one of two clearly distinct types,
called kappa and lambda, based on the amino acid sequences of their constant domains. Depending on
the amino acid sequence of the constant domain of their heavy chains (Cyp), immunoglobulins can be
assigned to different classes or isotypes. There are five classes of immunoglobulins: IgA, IgD, IgE, 1oG,
and IgM, having heavy chains designated . 6, v, g, and p, respectively. The vy and o classes are further
divided into subclasses on the basis of relatively minor differences in € sequence and function, e.g.,

humans express the following subclasses: 1gG1, 1gG2, 1gG3, IgG4, IgAl, and IgAZ.

{0119}  The term “VL.” domain comprises the amino ternunal variable domain of an immunoglobulin

fight chai.

[0126]  The term “VH domain™ comprises the amine terminal vanable domain of an immunoglobulin

heavy chain.

{0121}  The term “CL domain™ comprises the constant region domain of an immunogiobulin light
chain that extends, e.g. from about Kabat position 107A-216 (EU positions 108-214 (kappa)). The
Eu/Kabat conversion table for the Kappa C domain 1s provided below. The CL domain is adjacent to the
VL domain and inclades the carboxy terminal of an immunoglobulin light chain. An exemplary ammo
acid sequence for CL domain of human kappa light chain 1s shown below in SEQ 1D NG: 30, including

the R residue at the N-torminus that is present 1n the mature CL domain as the result of geoe splicing.

Table A
Human IG Kappa Chain amino acid . -
translation (SEQ ID NO: 30) EU numbering Kabat numbering
(R) 108 108
T 109 109
v 110 110
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HutT;r?slIa(t;i(I)flarzgzllEghfll)n glgl:ngoz;ad EU numbering Kabat numbering
A 111 111
A 112 112
P 113 113
S 114 114
v 115 115
F 116 116
I 117 117
F 118 118
P 119 119
P 120 120
S 121 121
D 122 122
E 123 123
Q 124 124
L 125 125
K 126 126
S 127 127
G 128 128
T 129 129
A 130 130
S 131 131
v 132 132
v 133 133
C 134 134
L 135 135
L 136 136
N 137 137
N 138 138
F 139 139
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Hutl:.l;;lslla(t;igarzg%ghfg gl(l;lzngoz;cnd EU numbering Kabat numbering
Y 140 140
P 141 141
R 142 142
E 143 143
A 144 144
K 145 145
v 146 146
Q 147 147
W 148 148
K 149 149
v 150 150
D 151 151
N 152 152
A 153 153
L 154 154
Q 155 155
S 156 156
G 157 157
N 158 158
S 159 159
Q 160 160
E 161 161
S 162 162
v 163 163
T 164 164
E 165 165
Q 166 166
D 167 167
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HutT;r?slIa(t;i(I)flarzgzllEghfll)n glgl:ngoz;ad EU numbering Kabat numbering
S 168 168
K 169 169
D 170 170
S 171 171
T 172 172
Y 173 173
S 174 174
L 175 175
S 176 176
S 177 177
T 178 178
L 179 179
T 180 180
L 181 181
S 182 182
K 183 183
A 184 184
D 185 185
Y 186 186
E 187 187
K 188 188
H 189 189
K 190 190
v 191 191
Y 192 192
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HutT;r?slIa(t;i(I)flarzgzllEghfll)n glgl:ngoz;ad EU numbering Kabat numbering
A 193 193
C 194 194
E 195 195
v 196 196
T 197 197
H 198 198
Q 199 199
G 200 200
L 201 201
S 202 202
S 203 203
p 204 204
v 205 205
T 206 206
K 207 207
S 208 208
F 209 209
N 210 210
R 211 211
G 212 212
E 213 213
C 214 214
i - 215
i - 216

{0122}  As used herein, the term “CHI domain” of a human lgG comprises the first (most amino
termmnal) constant region domain of an immunoglobulin heavy chain that extends, e g, from about

positions 114-223 in the Kabat nombenng system (EU positions 118-215}. The CHI domain 15 adjacent

to the VH domain and amino terminal to the hinge region of an imumunoglobulin heavy chain molecule,
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does not form a part of the Fe region of an immunoglobulin heavy chain, and is capable of dimerizing

with an tmmunoglobulin light cham constant domain (e, “CL”).

[0123]  The EU/Kabat conversion tables for the IgG1 heavy chain (SEQ ID NO: 65) are provided
below. The exemplary CHI1 seqeuence is shown in SEQ ID NO:53, hinge sequence is shown in SEQ ID

NO: 129, CH2 sequence is shown in SEQ ID NO: 130, and CH3 sequence is shown in SEQ ID NO: 131.

Table B Table C
CHI1 (SEQ ID NO: 53) HINGE (SEQ ID NO:129)
EU numbering Kaba? EU . Kaba?
numbering | numbering numbering |

(A) 118 114 (E) 216 226
S 119 115 P 217 227
T 120 116 K 218 228
K 121 117 S 219 232
G 122 118 C 220 233
P 123 119 D 221 234
S 124 120 K 222 235
\ 125 121 T 223 236
F 126 122 H 224 237
P 127 123 T 225 238
L 128 124 C 226 239
A 129 125 P 227 240
P 130 126 P 228 241
S 131 127 C 229 242
S 132 128 P 230 243
K 133 129

S 134 130

T 135 133

S 136 134

G 137 135

G 138 136

T 139 137

A 140 138

A 141 139
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L 142 140
G 143 141
C 144 142
L 145 143
\% 146 144
K 147 145
D 148 146
Y 149 147
F 150 148
P 151 149
E 152 150
P 153 151
\% 154 152
T 155 153
\% 156 154
S 157 156
W 158 157
N 159 162
S 160 163
G 161 164
A 162 165
L 163 166
T 164 167
S 165 168
G 166 169
\ 167 171
H 168 172
T 169 173
F 170 174
P 171 175
A 172 176
\ 173 177
L 174 178
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N 208 216

T 209 217

K 210 218

A% 211 219

D 212 220

K 213 221

K 214 222

v 215 223

Table D Tabie B
CH2 (SEQ ID NO: 130) CH3 (SEQ ID NO:131)
EU numbering nuﬁit:::n o EU numbering nuﬁzll)t:*:ng

() 231 244 (©) 341 361
: 232 245 Q 342 363
E 233 246 p 343 364
L 234 247 R 344 365
L 235 248 E 345 366
G 236 249 p 346 367
G 237 250 Q 347 368
P 238 251 N 348 369
S 239 252 % 349 370
\ 240 253 T 350 371
F 241 254 L 351 372
L 242 255 p 352 373
F 243 256 p 353 374
P 244 257 S 354 375
P 245 258 R 355 376
K 246 259 D 356 377
P 247 260 E 357 378
K 248 261 L 358 381
D 249 262 T 359 382
T 250 263 K 360 383
L 251 264 N 361 384
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CH2 (SEQ ID NO: 130) CH3 (SEQ ID NO:131)
EU numbering nuﬁzll)l:;ng EU numbering nuﬁzll)l;izng
M 252 265 Q 362 385
1 253 266 \ 363 386
S 254 267 S 364 387
R 255 268 L 365 388
T 256 269 T 366 389
P 257 270 C 367 390
E 258 271 L 368 391
\ 259 272 \ 369 392
T 260 273 K 370 393
C 261 274 G 371 394
\ 262 275 F 372 395
\ 263 276 Y 373 396
\ 264 277 P 374 397
D 265 278 S 375 398
\ 266 279 D 376 399
S 267 280 1 377 400
H 268 281 A 378 401
E 269 282 \ 379 402
D 270 283 E 380 405
P 271 284 W 381 406
E 272 285 E 382 407
\ 273 286 S 383 408
K 274 287 N 384 410
F 275 288 G 385 411
N 276 289 Q 386 414
W 277 290 P 387 415
Y 278 291 E 388 416
\ 279 292 N 389 417
D 280 295 N 390 418
G 281 296 Y 391 419
\ 282 299 K 392 420
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CH2 (SEQ ID NO: 130) CH3 (SEQ ID NO:131)
EU numbering nuﬁite):zn o EU numbering nuﬁiﬁizng
E 283 300 T 393 421
N 284 301 T 394 422
H 285 302 P 395 423
N 286 303 P 396 424
A 287 304 N 397 425
K 288 305 L 398 426
T 289 306 D 399 427
K 290 307 S 400 428
P 291 308 D 401 430
R 292 309 G 402 433
E 293 310 S 403 434
E 294 311 F 404 435
Q 295 312 F 405 136
Y 296 313 L 406 437
N 297 314 Y 407 438
S 298 317 S 408 439
T 299 318 K 409 440
Y 300 319 L 410 141
R 301 320 T 411 a0
N 302 321 N 412 443
N 303 322 D 413 444
S 304 323 K 414 445
N 305 324 S 415 446
L 306 325 R 416 447
T 307 326 W 417 448
N 308 327 Q 418 449
L 309 328 Q 419 450
H 310 329 G 420 451
Q 311 330 N 421 452
D 312 331 v 422 453
\ 313 332 F 423 454
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CH2 (SEQ ID NO: 130) CH3 (SEQ ID NO:131)
EU numbering nuﬁzll)l:;ng EU numbering nuﬁzll)l;izng

L 314 333 S 424 455
N 315 334 C 425 456
G 316 335 S 426 457
K 317 336 \ 427 458
E 318 337 M 428 459
Y 319 338 H 429 460
K 320 339 E 430 461
C 321 340 A 431 462
K 322 341 L 432 463
\ 323 342 H 433 464
S 324 343 N 434 465
N 325 344 H 435 466
K 326 345 Y 436 467
A 327 346 T 437 468
L 328 347 Q 438 469
P 329 348 K 439 470
A 330 349 S 440 471
P 331 350 L 441 472
I 332 351 S 442 473
E 333 352 L 443 474
K 334 353 S 444 475
T 335 354 P 445 476
I 336 355 G 446 477
S 337 357 K 447 478
K 338 358

A 339 359

K 340 360
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[0124]  As used hergin, the term “complementarity” refers to the combination of interactions at the
intertace of, e.g., the CHI of a heavv chain and the CL of a light chain of a multispecific antigen-binding
protein described heremn, that influence heavy cham/light chan painng. “Steric complementarity” or
“conformational complementartity” refers to the compatibility of the three dimensional structures at the
mnteracting surfaces of, e.g.. a CH1 domain of a heavy chain and a CL domain of a light chain.
“Electrostatic complementarity” refors to the compatibility of the placement of negatively- and/or
positively-charged atoms at the interacting surfaces of, e.g., a CH! domain of a heavy chain and a CL

domain of a light chain and/or a VH domain of a heavy chain and a VL domain of a light chain.

{0125]  The term “CH2 domain” of a human IgGG Fe region usually comprises about residues 231 to
about 340 of the [gQ according to the EU mmbering system. The CH2 domain 1s unigue in that it is not
closely paired with another domain. Rather, two N-linked branched carbshvdrate chains are interposed
between the two CH2 domains of an intact native IgG molecule. It bas been speculated that the
carbohvdrate may provide a substitute for the domam-domain pairng and help stabilize the CH2 domain.

Burton, Mol. lmmunol 22:161-206 (1985}

{8126]  The term “CHS3 domain” comprises residues C-terminal to a CH2 domain in an Fe region (e,
from about amino acid residue 341 to about amino acid residue 447 of an IgG according to the EU

numbering system).

{8127]  Theterm “Feregion,” as used herein, generally refers to a dimer complex comprising the C-
terminal polvpeptide sequences of an immumoglobulin heavy chain, wherein a C4erminal polypeptide
sequenae is that which is obtainable by papain digestion of an intact antibody. The F¢ region may
comprise native or variant Fc sequences. Although the boundaries of the Fe sequence of an
mmmunoglobulin heavy chain might vary, the human IgG heavy chain Fe sequence comprises about
position Cys226, or from about position Pro239, to the carboxyl terminus of the Fe sequence. Unless
otherwise specified hercin, numberning of amino acid residues in the Fe region or constant region is
according to the EU numbering system, also called the EU index, as described in Kabat ef o/, Sequences
of Proteins of Immunological Interest, Sth Ed. Public Health Service, National Jnstitutes of Health,
Bethesda, MD, 1991, The Fe sequence of an immumoglobulin generally comprises two constant
domains, a CH2 domain and a CH3 domain, and optionally comprnses a CH4 domain. By “Fc
polvpeptide™ herein is meant one of the polypeptides that make up an Fe region, e.g., a monomerne Fe.
An Fe polypeptide may be obtained from any suitable immunoglobulin, such as human IgG1, IgG2,
12G3, or 1sG4 subtypes, IgA, IgE, IgD or IgM. An Fc polypeptide may be obtamed from mouse, e.g., a
mouse kga2a. The Fc region comprises the carboxy-terminal portions of both H chains held together by
disuffides. The effector functions of antibodies are determined by sequences in the Fe region: this region

is also the part recognized by Fe receptors (FcR) found on certain types of cells. In some embodiments,
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an Fc polvpeptide comprises part or all of a wild type hinge sequence (generally at its N terminus). In

some embodiments, an Fo polypeptide does not comprise a functional or wild type hinge scquence.

{0128] A “fimctional Fo region” possesses an “effector function” of a native sequence Fc region,
Exemplary “effector functions” include Clq binding; CBC; Fc receptor binding; ADCC,; phagocyiosis;
down regulation of cell surtace receptors (e.g., B cell receptor; BCR), ere. Such effector functions
generally require the Fe region to be combined with a binding domain fe.g., an antibody variable domain}

and can be assessed using various assays as disclosed, for example, in definitions hergin.

{8129] A “native sequence Fo region” comprises an anino acid sequence identical to the amino acid
sequence of an Fe region found in nature. Native sequence human Fe regions include a native sequence
humanigG1 Fe region (non-A and A allotypes): native sequence human IgG2 Fe region; native scguence
human lgG3 Fe region; and native sequence human Ig(G4 Fe region as well as naturally occurring

variants thereof. A native sequence Fo regions also include a native sequence mouse IgiG2a.

{0136] A “vanant Fc region” comprises an amino acid sequence which differs from that of a native
sequence Fc region by virtue of at feast one aming acid modification, preferably ong or more aming acid
substitution{s}. Preferably, the vanant Fc region has at least one aming acid substitution compared tc a
native sequence Fe region or to the Fe region of a parent polypeptide, e.g., from about one to about ten
aming actd substitutions, and preferably from about one to about five anuno acid substitutions in a native
sequence Fe region or in the Fe region of the parent polypeptide. The vanant Fe region herem will
preferably possess at least about 80% homology with a native sequence Fe region and/or with an Fe
region of a parent polypeptide, and most preferably at least about 909% homology therewith, more
preferably at least about 953%, at least about 96%, at least about 97%, at least about 98% or at least about

99% homology therewith.

0131}  “Fc component” as used herein refers to a hinge region, a CHZ? domain or a CH3 domain of an

Fe region.

i0132]  In certain embodiments, the Fe region comprises an lg( Fe region, preferably denived from a
wild-type human IgG Fe region. In certain embodiments, the Fe region is derived from a “wild type”
mouse 1203 such as a mouse IgG2a. By “wild-type™ human IgG Fo or “wild tvpe” mouse IgG Fe it is
meant a sequence of aming acids that occurs naturally within the human population or mouse population,
respectively. Of course, just as the Fe sequence may vary shightly between individuals, one or more
alterations may be made to a wild tvpe sequence and still remain within the scope of the invention. For
example, the Fc region may contain alterations such as a mutation in a glycosylation site or inclusion of

an unnatural amino acid.
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[0133]  The term “variable region” or “variable domain™ refers to the domain of an antibody heavy or
light chan that is involved in binding the antibody to antigen. The vanable domains of the heavy chain
and light chain (VH and VL, respectively) of a native antibody generally have similar stractures, with
gach domain comprising four conserved framework regions (FRs} and three hypervariable regions
{(HVRs}. (See, e.g., Kindtef al. Kuby Immunology, 6lsted., W H. Freeman and Co., page 91 (2007} A
single VH or VL domain may be sufficient to conter antigen-binding specificity. Furthermore, antibodics
that bind a particular antigen may be isolated using a VH or VL domain from an antibody that binds the
antigen to screen a library of complementary VL or VH domains, respectively. See, e.g., Portolano er o/,

J Immunol 150:880-887 (1993}, Clarkson ef al., Nature 352:624-628 {1991},

[0134] The phrase “antigen binding arm,” “target molecule binding arm,” “target binding arm™ and
variations thereof, as used herein, refers to a component part of a mukltispecific antigen-binding protein
provided herein that has an ability to specifically bind a target of wmterest. Generally and preferably, the
antigen binding arm 1s a complex of immunoglobulin polypeptide sequences, e.g., CDR and/or variable

domain sequences of an immunoglobelin light and heavy chain.

[B135] A “target” or “target molecule” refers to a moiety recognized by a binding arm of the
multispecific antigen-binding protein. For example, if the mmltispecific antigen-binding protein is an
antibody, then the target may be epitopes on a single molecule or on different molecules, or a pathogen or
a tumor cell, depending on the context. Similarly, if the muitispecific antigen-binding protein is a
receptor-Fo fusion protein the target would be the cognate binding partoer for the receptor. Oune skilled in
the art will appreciate that the target is determined by the binding specificity of the target binding arm
and that different target binding arms may recognize different targets. A target preferably binds to a
multispecific antigen-binding protein provided hercin with affinity higher than 1 pM Kd (according to
Scatchard analysis). Examples of target molecules include, but are not limited to, serum soluble proteins
and/or their receptors, such as cytokines and/or cytokine receptors, adhesins, growth factors and/or their
receptors, hormones, viral particles fe.g., RSY F protein, CMV, Staph A, intluenza, hepatitis C virus),

micogrgamsms (e.g., bactenal cell proteins, fumgal cells), adhesis, CD proteins and their receptors.

{0136}  The term “interface” as used herein refers 1o the association surface that results from
interaction of one or more amino acids in g first antibody domain with one or more amino acids of a

second antibody domain. Exemplary interfaces include, e.g., CHY/CL, VH/VL and CH3/CH3. In some

embodiments, the interface includes, for example, hvdrogen bonds, electrostatic interactions, or salt

bridges between the amino acids forning an interface.

{0137}  One example of an “intact” or “full-length™ antibody is one that comprises an antigen-binding

arm as well as a CL and at least heavy chain constant domains, CHI, CHZ, and CH3. The constant
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domains can be native sequence constant domains fe. g, human native sequence constant domains) or

aming actd sequence vanants thereof.

[0138]  The term “coupling” as used herein refers to the steps necessary to link the first and second
heavv chain polypeptides (7.e., H and H2} to cach other, ¢.g., formation of a covalent bond. Such steps
comprise the reducing, annealing and/or oxidizing of cysteing residues in the first and second heavy chain
polypeptides (4.e., HI and H2) to form an inter-chain disulfide bond. The coupling may be achieved by
chemical cross-linking or the use of a redox system. See, e.g., Humphreys ef ol J. lmmunol. Methods

(1998) 217:1-16 and Zhu ef o/, Cancer Lett., (1994) 86: 127-134.

[013%] “Monospecific” antigen-binding protein refers to the ability of the antigen binding protein,
such as an antibody, to bind only one cpttope. “Bispecific” antigen-binding protein refers to the ability of
the antigen binding protein to bind two different epitopes. “Maultispecific” antigen binding protein refers
to the ability of the antigen binding protein to bind more than one epitope. In certain embodiments, a
multispecific antigen-binding protein, such as a multispecific anfibody, encompasses a bispecific antigen-
binding protein or a bispecific antibody. For bispecific and multispecific antigen-binding proteins
provided herein, the epitopes can be on the same antigen, or each epitope can be on a different antigen.
Therefore, in certain embodiments, a multispecific antigen-binding protein provided herein, such as a
bispecific antibody, binds to two different antigens. In certain embodiments, the multispecific antigen-
binding protein, such as a bispecific antibody, binds to different epitopes on one antigen. In certain
embodiments, a multispecific antigen-binding protein provided herein binds to cach epitope with a
dissociation constant (Kd) of about < 1uM, about < 100 nM, about <10 nM, about < 1 oM, about < 0.1
aM, about < 0.01 nM, or about <0.001 nM {e.g., about 107 M or less, e.g., from about 10™ M to about
107 M. e.g., from about 107 M to about 1077 M.

[01408] “Antibody fragments” comprise a portion of an intact antibody, preferably the antigen binding
or a vanable region of the intact antibody. Examples of antibody fragments inchude Fab, Fab’, F(ab™)2,
and Fv fragments; diabodies (Db}, tandem diabodies (taldb), lincar antibodies (e.g., U.S. Patent No. 5,641
870; Zapata ef of.,, Protein Eng. 8(10):1057-1062 (1995}); one-armed antibodies, single variable domain
antibodies, mintbodigs, single-chain antibody molecules; and multispecific antibodies formed from

antibody fragments {e.g., including but not himited to, Db-Fc, taDb-Fc, taDb-CH3 and (scFV)4-Fe).

{0141}  Antibodies provided hercin can be “chimeric” antibodies 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 antibodv class or subclass, while the remainder of the
chain(s) is identical with or homologous to corresponding sequences in antibodies derived from another
species or belonging to another antibody class or subclass, as well as fragments of such antibodies,

provided that they exiubit the desired biological activity {(U.S. Patent No. 4,816,567, and Morrison ef /.,
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Proc. Natl. Acad. Sci. USA 81 :6851-6855 (1984 }} Chimeric antibodics of interest herein include
primatized antibodies comprising variable domain antigen-binding sequences derived from a non-human

primate {e.g., Old World Monkey, Ape, eic.) and human constant region sequences.

[0142]  “Humanized” forms of non-human {e.g., rodent} antibodics are chimeric antibodies that contain
mimimal sequence derived from the non-human antibody. For the most part, humanized antibodies are
human mmmanoglobuling (recipient antibody} in which residues from a hypervariable region of the
recipient are replaced by residues from a hypervanable region of & non-human species {(donor antibody)
such as mouse, rat, rabbit or non-human primate having the desired antibody specificity, affinity, and
capability. In some instances, framework region (FR) residues of the human immunoglobulin are
replaced by corresponding non-human residues. Furthermore, humanized antibodies can comprise
residues that are not found 1n the recipient antibody or in the donor antibody. These modifications arg
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 a nonhuman tmmunocglobulin and all or substantially all of the
FRs are those of a human mmmunoglobulin sequence. The humanized antibody optionally alsc will
comprise at feast a portion of an immunoglobulin constant region (Fc), typically that of a human
mmmunoglobulin. For further details, see Jones ef o/, Nature 321:522-525 (1986); Ricchmann ef g/,

Nature 332:323-329 (1988); and Presta, Curr. Op. Struct. Biol. 2:593-596 (1992},

0143 “Conmplex” or “complexed” as used heren refers to the association of two or more molecules
that interact with each other through bonds and/or forces (e.g., van der Waals, hvdrophobic, hydrophilic
forces) that are not peptide bonds. In one embodiment, the complex is heteromultimeric. It should be
understood that the term “protein complex” or “polypeptide complex” as used hergin includes complexes
that have a non-protein entity conjugated to a protein in the protein complex {e.g., including, but not

timited to, chemical molecules such as a toxin or a detection agent).

[0144] A multispectfic antigen-binding protein provided herein “which binds an antigen of interest” is
one that binds the antigen, e.g., a protein, with sufficient affinity such that the multispecific antigen-
binding protein is usefol as a diagnostic and/or therapeutic agent in fargeting a protein or a cell or tissue
expressing the protein, and does not significantly cross-react with other proteins. In such embodiments,
the extent of binding of the antigen-binding  protein to a “non-target” protein will be less than about 10%
of the bmding of the antibody to 1ts particular target protein as determined by fluorescence activated celi
sorting {FACS} analysis or radicimmunoprecipitation (RIA) or ELISA. With regard to the binding of a
multispecific antigen-binding protein to a target molecule, the torm “specific binding” or “specifically
binds to” or 15 “specific for” a particular polyvpeptide or an epitope on a particular polypeptide target
means binding that is maeasurably ditferent from a nonspecific interaction {e.g., a non-specific interaction

may be binding to bovine serum albumin or casein}. Specific binding can be measured, for example, by
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determining binding of a molecule compared to binding of a control molecule. For example, 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 s indicated if the binding of the
labeled target to a probe 1s competitively inhibited by excess unlabeled target. The term “specific
binding” or “specifically binds t0” or is “specific for™ a particular polypeptide or an epitope on a
particular polypeptide target as used herein can be exhibited, for example, by a molecule having a Kd for
the target of at least about 200 nM, alternatively at least about 130 oM, alternatively at least about 100
oM, alternatively at least about 60 nM, alternatively at least about 50 nM, altematively at least about 40
oM, alternatively at least about 30 aM, alternatively at least about 20 nM, altematively at least about 10
oM, alternatively at least about 8 nM., alternatively at lcast about 6 oM, alternatively at least about 4 nM,
alternativelv at least about 2 oM, alternatively at Ieast about 1 nM, or greater affimity. In one
embodiment, the term “specific binding” refers to binding where a multispecific antigen-binding protein
binds to a particular polypeptide or epitope on a particular polypeptide without substantially binding to

any other polvpeptide or polypeptide epitope.

[0145] “Binding affinity” generally refers to the strength of the sum total of noncovalent interactions
between a single binding site of a molecule (e.g.. an antibody or a multispecific antigen-binding protein}
and its binding partner (e.z., an antigen). Unless indicated otherwise, as used herein, “binding affinity”
refers to intrinsic binding affinity which reflects a 1:1 interaction between members of a bindimg pair
fe.g., antibody and antigen). The affinity of a molgcule X for its partner Y can generally be represented
by the dissociation constant {Kd). For example, the Kd can be about 200 nM or less, about 150 nM or
less, about 100 nM or less, about 60 oM or less, about 50 nM or less, about 40 nM or less, about 30 nM
or less, about 20 nM or less, about 10 nM or less, about 8 nM or less, about 6 nM or less, about 4 uM or
less, about 2 nM or less, or about T nM or less. Affinity can be measured by common methods known in
the art, including those described herein. Low-affiuty 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 vaniety of methods of measuring binding attinity are known in the art, any of which can

be used for purposes of the present invention.

[0146] In one embodiment, the “Kd” or “Kd value™ 13 measured by using surface plasmon resonance
assays using a BIAcore™-2000 or a BlAcore™.-3000 (BIAcore, Inc., Piscataway, NI} at 25°C with
immobilized target {e.g., antigen} CM5 chips at -10 response vaits (RU}. Brefly, carboxvmethylated
dextran biosensor chips {CM3, BlAcore Inc) are activated with N-cthyi-N'- (3- dimethylaminopropyl)-
carbodiimide hydrochlonde (EDC) and N-hvdroxysuccimimide (NHS) according to the supplier's
mstructions. Antigen is diluted with 10 mM sodium acetate, pH 4.8, mito Sug/ml (~0.2uM} before
injection at a flow rate of 3 pl/mmute to achieve approsamately 10 response units (RU) of coupled

proten. Following the injection of antigen, 1M cthanolamine is injected to block unreacted groups. For
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kinetics measurements, two-fold serial dilutions of Fab {e.g., 0.78 oM to 500 nM} are injected in PBS
with 0.05% Tween 20 (PBST) at 25°C at a flow rate of approximately 25 pl/min. Association rates (k)
and dissociation rates (ko) arc calculated using a simple onc~to-one Langmuir binding model (BlAcore
Evaluation Software version 3.2} by simultancous fitting the association and dissociation sensorgram.,
The equilibriom dissociation constant (Kd} is calculated as the ratio kg'k.. See, e.g., Cheneral, § Mol
Biol. 293:865-881 (1999). If the on-rate exceeds 10°M™ s by the surface plasmon resonance assay
above, then the on-rate can be determuned by using a fluorescent quenching technique that measures the
mncrease or decrease in fluorescence emission intensity {excitation = 295 nm; emission = 340 nm, 16 nm
band-pass} at 23°C of a 20 oM anti-antigen antibody (Fab form) in PBS, pH 7.2, in the presence of
increasing concentrations of antigen as measured in a spectrometer, such as a stop-flow equipped
spectrophotometer (Aviv Instruments} or a §000-series SLM-Aminco spectrophotometer

{ThermoSpectronic) with a stirred cuvette.

101477  “Biclogically active” and “biclogical activity” and “biclogical characteristics™ with respect to a
multispecific antigen-binding protein provided herein, such as an antibody (¢.z., a bispecific antibody),
fragment, or derivative thercof, means having the ability to bind to a biological molecule, except where

specified otherwise.

[0148]  “Isolated,” when used to describe the various heteromultimer polypeptides means a
heteromultimer which has been separated and/or recovered from a cell or cell culture from which it was
expressed. Contaminant components of its natural environment are materials which would interfere with
diagnostic or therapeutic uses for the heteromultimer, and may include enzvmes, hormones, and other
proteinaceous or nonproteinaceous solutes. In certain embodiments, the heteromultimer will be puritied
(1) to greater than 95% by weight of protein as determined by the Lowry method, and most preferably
more than 99% by weight, (2} to a degree sufficient to obtain at least 15 residues of N-terminal or internal
amino acid sequence by use of a spinning cup sequenator, or {3) to homogencity by SDS PAGE under
reducing or nonreducing conditions using Coomassie blue or, preferably, silver stain. Ordinanly,

however, isolated polypeptide will be prepared by at least one purification step.

[0149]  The multispecific antigen-binding proteins provided herein are generally purified to substantial
homogeneity. The phrases “substantially homogeneous,” “substantially homogensous form,” and
“substantial homogeneity” are used to indicate that the product 1s substantially devoid of by-products

originated from undesired polypeptide combinations {e.g., homomultimers).

[0188]  Expressed in terms of punity, substantial homogeneity means that the amount of by-products
does not exceed 10%. 9%, 8%, 7%, 6%, 4%, 3%, 2% or 1% by weight or is less than 1% by weight. In

one erabodiment, the by-product is below 5%.
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[0151]  “Biclogical molecule” refers to a nucleic acid, a protein, a carbohydrate, a ipid, and

combinations thereof. In one embodiment, the biclogic molecule exists in nature.

[0152]  Antibody “effector functions” refer to those biological activities attributable to the Fe region {a
native sequenaec Fe region or amino acid sequence variant Fe region) of an antibody, and vary with the
antibody 1sotype. Examples of antibody effector functions include: Clg binding and complement
dependent cvtotoxicity; Fe receptor binding; antibody-dependent cell-mediated cvtotoxicity (ADCC);

phagocvtosis, down regulation of cell surface receptors (e.g., B cell receptor); and B cell activation.

[0153] “Antibody-dependent cell-mediated cvtotoxacity” or “ADCC™ refers 1o a form of cytotoxicity
it which secreted Ig bound to Fe receptors (FcRg) present on certain cytotoxic cells fe. g, Natural Killer
(NK} cells, neutrophbils, and macrophages) enable these cviotoxic effector cells to bind specifically to an
antigen-bearmg target cell and subsequently kill the target cell with cyvtotoxic agents. The antibodies
“arm” the cvtotoxic cells and are absolutely required for such killing. The primary cells for mediating
ADCC, NK cells, express FoyRIH only, whereas monocyvtes express FoyRI FoyRIL and FeyRHI FeR
expression on hematopoietic cells is summarized in Table 3 on page 464 of Raverch and Kinet, Annu.
Rev. Immunol. 9:457-92 (1991). To assess ADCC activity of a molecule of interest, an in vitro ARBCC
assay, such as that described in U.S. Patent No. 5,500,362 or 5,821,337 can be performed. Useful effoctor
cells for such assavs include penipheral blood mononuciear cells (PBMC) and Natural Killer (NK) cells.
Alternatively, or additionally, ADCC activity of the molecule of interest can be assessed in vive, e.g., in

an animal model such as that disclosed in Clyngs ef /., Proc. Natl. Acad. Sci. USA 95:652-656 {1998}

[0154]  “Fereceptor” or “FeR” descnbes a receptor that binds to the Fe region of an antibody. The
preferred FeR is a human FcR. Moreover, a preferred FeR is one that binds an IgG antibody (a gamma
receptor) and includes receptors of the FeyRE, FoyRIL, and FeyRIH subclasses, including allchic vanants
and alternatively spliced forms of these receptors. FeyRI receptors include FeyRHA {an “activating
receptor’) and FoyRIB (an “inhibiting receptor”™), which have simifar amino acid sequences that differ
primarily in the cytoplasmic domains thercof. Activating receptor FoyRIA contains an immunoreceptor
tyrosing-based activation motif (ITAM) in #ts cvtoplasmic domain. fnhibiting receptor FoyRIIB contains
an imunoreceptor tvrosine-based inhibition motif (ITIM) 1n its cyvtoplasmic domain (see review M.
Dacron, Annu. Rev. Immunol. 15:203-234 (1997)). FcRs are reviewed in Raverch and Kinet, Annu. Rev,
Immunol. 9:457-492 (1991); Capel et o/, Immunomethods 4:25-34 (1994); and de Haas er /., §. Lab.
Clin. Med. 126:330-41 (1995). Other FcRs, including those to be identified in the future, are
encompassed by the teom “FcR” hercin. The term also includes the neonatal receptor, FoRa, which is
responsible for the transfer of maternal IgGs to the fetus (Guyer ef o/, J. Jmmunol. 117:587 (1976} and

Kimer al, I Immunol. 24:249 (1994 ).
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[01585]  “Human effector cells” are leukooyies that express one or more FoRs and perform effector
functions. Pretferably, the cells express at least FoyRIH and perform ADCC effector function. Examples
of human leukocytes that mediate ADCC mclude peripheral blood mononuciear celis (PBMO), natural
killer (NK) cells, monocyies, cytotoxic T cells, and neutrophils; with PBMCs and NK cells being

preferred. The effector cells can be isolated from a native source, e.g., from blood.

{0186] “Complement dependent cytotoxicity” or “CDC” refers to the lysis of a target cell inthe
presence of complement. Activation of the classical complement pathway is mitiated by the binding of
the first component of the complement system {Clq} to antibodies {of the appropriate subclass) that are
bound to thewr cognate antigen. To assess complement activation, a CDC assay, e.g., as described in

Gazzano-Santoro ef af., I Immunol. Methods 202:163 (1996}, can be performed.

{01587  The term “therapeutically effective amount” refers to an amount of an antibody (including a
multispecific antibody), antigen-binding antibody fragment thereof, or denvative thereof to treat a disease
or disorder in a subject. In the case of tumor (e.g., a cancerous tumor), the therapeutically effective
amount of the antibody or antibody fragment (e.g., a multispecific antibody or antibody fragment may
reduce the number of cancer cells; reduce the primary tumor size; inhibit fi.e., slow to some extent and
preferably stop) cancer cell infiltration into peripheral organs; inhibit (f.e., slow to some extent and
preferably stop) tumor metastasis; inhibit, to some extent, tumor growth; and/or relieve to some extent
one or more of the symptoms associated with the disorder. To the extent the antibody or antibody
fragment thereof, or derviative thercof may prevent growth and/or kill existing cancer cells, 1t may be
cvtostatic and/or cytotoxic. For cancer therapy, efficacy i vive can, for example, be measured by
assessing the duration of survival, time to discase progression (TTP), the response rates (RR}, duration of

response, and/or quality of life.

[0158] By “reduce or inhibit” is meant the ability 1o cause an overall decrease preferably of 20% or
greater, more preferably of 50% or greater, and most preferably of 75%, 83%, 90%, 95%, or greater.
Reduce or inhibit can refer to the symptoms of the disorder being treaied, the presence or size of
metastases, the size of the primary tumor, or the size or number of the blood vessels 1o angiogenic

disorders.

[0189]  The terms “cancer” and “cancerous” refer to or describe the physiological condition in
mammals that is typically characterized by unregulated cell growth/proliferation Included in this
definition are bemign and malignant cancers Examples of cancer include but are not limited to, carcinoma,
ymphoma, blastoma, sarcoma, and leukemia. More particular examples of such cancers include
squamous cell cancer, small-cell lung cancer, non-small cell lung cancer, adenocarcinoma of the fung,
squamous carcinoma of the lung, cancer of the peritoneum, hepatocellular cancer, gastric or stomach

cancer including gastrointestinal cancer, pancreatic cancer, ghoblastoma, glioma, cervical cancer, ovarian
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cancer, liver cancer, bladder cancer, hepatoma, breast cancer, colon cancer, colorectal cancer,
endometrial or utering carcinoma, salivary gland carcinoma, kidoey cancer (e.g., renal cell carcinomal,
liver cancer, prostate cancer, vulval cancer, thyroid cancer, hepatic carcinoma, anal carcinoma, penile
carcinoma, melanoma, and various types of head and neck cancer. By “early stage cancer” is meant a
cancer that is not invasive or metastatic or is classified as a Stage 0, 1, or I cancer. The term
“precancerous” refers to a condition or a growth that typically precedes or develops into a cancer. By
“non-metastatic” is meant a cancer that 1s benign or that remamns at the primary site and has not
penetrated into the lymphatic or blood vessel system or to tissues other than the primary site. Generally, a

nonmetastatic cancer is any cancer that is a Stage 0, 1, or H cancer, and occasionally a Stage HI cancer.

[01608]  An “autormmaone disease” herein is a disease or disorder arising from and directed against an
mdividual’s own tissues or a co-segregate or manifestation thereof or resulting condition therefrom.
Examples of avtoimmune diseases or disorders include, but are not limited to rheumatoid arthritis,
autoimmune hemolytic anemia {e.g., immune pancviopenia, paroxysmal nocturnal hemoglobinuna),
autoimmune thrombocytopenia (e.g., idiopathic thrombocytopenic purpura, immune-mediated
thrombocytopenia), thyroiditis {e.g., Grave’s disease, Hashimoto’'s thyroiditis, juvenile lymphocytic
thyroiditis, atrophic thyroiditis}, type I diabetes melhitus or insulin-dependent diabetes, demyelinating
discases ot the central and peripheral nervous systems {(e.g., multiple sclerosis, idiopathic demyelinating
polvneuropathy or Guillain-Barré syndrome), chronic mflammatory demyelinating polyneuropathy,

bullous skin diseases, ervthema multiforme, contact dermatitis, and autoimmune chronic active hepatitis.

[0161]  The term “cviotoxic agent” as used herein refers to a substance that inhibits or prevents the
function of a cell and/or causes destruction of a cell. The term 1s intended to include radicactive isotopes
{e.g, APV TV P Y Re™ Re™ Sm'”, Bi*Y, Ra™, P, and radioactive isotopes of Lu),
chemotherapeutic agents, e.g., methotrexate, adriamicin, vinea alkaloids (vincusting, vinblastine,
etoposide), doxorubicin, melphalan, mitomyvein C, chlorambucil, daunorubicin or other mntercalating
agents, enzymes and fragments thereof such as nucleolytic enzyvmes, antibiotics, and toxins such as small
molecule toxins or enzymatically active toxins of bacterial, fungal, plant or animal origin, including
fragments and/or variants thereof, and the various antitumor, anticancer, and chemotherapeutic agenis
disclosed herein. Other cviotoxic agents are described herein. A tumoricidal agent causes destruction of

tumor cells.

{0162]  Asused herein, by “pharmaceutically acceptable” or “pharmacologically compatible™ 1s meant
a material that is not biclogically or otherwise undesirable, e.g., the material may be incorporated into a
pharmaceutical composition administered to a patient without causing any significant undesirable
biclogical cffects or interacting in a deleterious manner with any of the other components of the

composition i which it is contained. Pharmaceutically acceptable carriers or excipients have preferably
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met the required standards of toxicological and manufacturing testing and/or are included on the Inactive

Ingredient Guide prepared by the U.S. Food and Dirug Admimstration.

{0163] “Anti-cancer therapy™ as used berein refers to a treatment that reduces or inhibits cancerin a
subject. Examples of anti-cancer therapy include cytotoxic radiotherapy as well as the adounistration of a
therapeutically effective amount of a cviotoxic agent, a chemotherapeutic agent, a growth inhibitory
agent, a cancer vaccine, an anglogenesis inhibitor, a prodrug, a oviokine, a cvicking antagonist, a
corticosteroid, an immunosuppressive agent, an anti-emetic, an antibody or antibody fragment, or an

analgesic to the subject.

{0164]  The term “prodrug” as used in this application refers to a precursor or derivative form of a
pharmaceutically active substance that is less cytotoxic to tumor cells compared to the parent drug and 1s
capable of bemg enzymatically activated or converted into the more active parent form. See, e.g.,
Wilman, “Prodrugs in Cancer Chemotherapy” Biochemical Society Transactions, 14, pp. 375-382, 615th
Meeting Belast (1986} and Stella ef al., “Prodrugs: A Chemical Approach to Targeted Drug Delivery.”
Directed Drug Delivery, Borchardt er of, (ed.), pp. 247-267, Humana Press{19835). Prodrugs include, but
are not limited to, phosphate-containing prodrugs, thiophosphate-containing prodrugs, sulfate-containing
prodrugs, peptide-containing prodrugs, D-amino acid-modified prodrugs, glveosylated prodrugs, beta~
lactam containing prodrugs, optionally sabstituted phenoxyacetamide-containing prodrugs or optionally
substituted pheovlacetamide-containing prod rugs, S-flucrocytosine and other 3-fluorounding prodrugs
which can be converted into the more active cvtotoxic free drug. Examples of cytotoxic drugs that can be
dernivatized mto a prodrug form for use in this invention include, but are not himited to, those

chemotherapeutic agents described above.

{0165] A “subject” 1s a vertebrate, such as a mammal, e.g., a human. Mammals include, but are not

Emited to, farm animals (such as cows), sport animals, pets (such as cats, dogs and horses), primates,

mice, and rats.

[0166]  Except where indicated otherwise by context, the terms “first” polyvpeptide (such as a heavy
chain {H1} or light chain (1.1}} and “second” polypeptide (such as a heavy chain (H2) or light chain (123},
and vanations thereof, arc mercly generic wdentifiers, and are not to be taken as identifying a specific or a

particular polvpeptide or component of multispecific antigen-binding proteins provided herein,

{0167] Commercially available reagents referred to in the Examples were used according to
manufacturer’s mstructions unless otherwise indicated. The source of those cells identified n the
following Examples, and throughout the specification, by ATCC accession mumbers is the American
Type Culture Collection, Manassas, VA. Unless otherwise noted, the present invention uses standard

procedures of recombinant DNA technology, such as those described hercinabove and in the following
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textbooks: Sambrook ef o/, supra; Ausubel ef of., Current Protocols in Molecular Biology {Green
Publishing Associates and Wiley Interscience, NY, 1989); fonis ef o, PCR Protocols: A Guide to
Methods and Applications (Academic Press, Inc., NY, 1990); Harlow ef /., Antibodies: A Laboratory
Manoal (Cold Spring Harbor Press, Cold Spring Harbor, 1988); Gait, Oligonucleotide Synthesis (IRL
Press, Oxford, 1984 3; Freshney, Amimal Cell Colture, 1987, Coligan ef o/, Current Protocols in

Immunoclogy, 1991,

10168]  Reference to “about”™ a value or parameter hergin refers to the usual error range for the
respective value readily known to the skilled person in this technical field. Refercnce to “about” a value
or parameter heremn includes {and describes) aspects that are directed to that value or parameter per se.

For example, description referring to “about X7 includes description of “X.”

[0169]  Itis understood that aspects and embodiments of the invention described herein include

“comprising,” “consisting of.” and “consisting essentially of” aspects and embodiments.

{0170]  All references cited herein, includmg patent applications and publications, are hereby

meorporated by reference in their entirety.
Multispecific Antigen-binding Proteins Comprising Mutant or Modified Heavy/Light Chain Pairs

{8171} The present application is based on the identification of novel muiations in the CHI/CL

mterface, and/or the VH/VL interface that improve heavy chain/light chain pairing selectivity.

{8172]  The multispecific antigen-binding proteins provided herein compnse amino acid modifications
at particular residues within the vanable and/or constant domains of heavy chain and light chain
polvpeptides. As one of ordinary skill in the art will appreciate, various numbering conventions may be
emploved for designating particular amino acid residues within Ig variable region sequences.
Commonly used numbernng conventions include Kabat and EU index numbering (see, Kabat ef a/.,
Sequences of Proreins of Immunological Inrevest, 5th Ed, Public Health Scrvice, National Institutes of
Health, Bethesda, MD (1991)). Other conventions that include corrections or alternate numbering
systems for vartable domains mnchude Chothia {Chothia C, Lesk AM (1987), J Mo/ Biol 196: 901-917;
Chothia, ef o (1989}, Nature 342: 877-883}, IMGT (Lefranc, ef af. {2003), Dev Comp Immunol 27: 55-
77, and AHo (Honegger A, Plickthun A (2001} J Mo/ Biol 309: 657-670). These references provide
amino acid sequence numbering schemes for immunoglobulin varable regions that define the location of

variable region aming acid residues of antibody sequences,

{0173]  Unless otherwise expressly stated herein, all references to immunoglobulin heavy chain
variable region {i.e., VH} amino acid residues (7.e. numbers) appearing in the Examples and Claims are

based on the Kabat numbering system, as are all references to VL residues. All references to
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immunoglobulin heavy chain constant region CHI residues (7.e., numbers) appearing in the Examples
and Claims arc based on the EU system, as are all references to CL residues. With knowledge of the
residue number according to Kabat or EUJ Index numbering, one of ordinary skill can identify amino acid

sequence modifications described herein, according to any commonly used numbering convention.

[0174] Whle the Examples and Claims herein emplov Kabat or EU Index to wdentify particular amino
acid residues, it is understood that the SEQ 1Ds appearing in the Sequence Listing, incorporated herein in
tts entirety, provide sequential numbering of amino acids within a given polypeptide and, thus, do not
conform to the corresponding amino acid mmnbers as provided by Kabat or EU index. For example, the
serine residue number 66 of SEQ D NO:53 corresponds to $183 of CHI under the EU numbering

system.

[0175]  Although items, components, or elements provided herein {(such as “multispecific antigen-
binding protein”) may be described or clatmed in the simgular, the plural is contemplated to be within the

scope thereof unless mtation to the singular is explicitly stated.

[0176]  As described in more detail below, provided herein are modified multispecific antigen-binding
proteins that can be produced in a single cell with improved correct heavy chain/light chain pairing
and/or improved vields as compared with multispecific antigen-binding proteins with sequences without
maodifications. In certain embodinments, the multispecific antigen-binding proteins comprise
modification{s} in the VH/VL and/or CHI/CL regions to facilitate correct heavy/hight cham pairing (f.e.,
the pairing of a first heavy chain H1 {or fragment thereof)} with a first light chain LT for form a first
heavv/light chain pair {i.c., HI/L1} capable of binding a first epitope and the pairing of a second heavy
chain H? (or fragment thereof) with a second light chain L2 to form a second heavy/light chain pair (ic.,
H2/1.2} capable of binding a second {e.g., ditferent) epitope). It will be apparent to those of ordinary skiil
in the art that the terms “H1” and “H2” are arbitrary designations, and that “H1” and *“H2” in any of the
embodiments above can be reversed. That is, anv of the mutations above descibed as being 1 the CHI
domain of H1 and CL domain of L1 can, altcmatively, be in the CHI domain of H2 and the CL domain

of L.2.

[0177f  In certain other embodiments, the multispecific antigen-binding proteins further comprise
modification{s} in the Fc region to facilitate heterodimerization of the two arms of the multispecific

antigen-binding protemn.

Strategy #1

[0178]  In onc aspect, it was surprisingly found that a single amino acid modification to postiion S183
(EU numbering) 1n the CHY domain of a heavy chain and a single amino acid modification to position

V133 (EU numbering) in the CL domain of a light chain demonstrates preferential pairing between the
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modified heavy chain and the modified light chaio and reducing pairing between, ¢.g., the modified
heavv chain and a non-modified light chain, o1, e.g., a non-modified heavy chain and the modified light
chain. These residues were selected by expression data and confirmed by the knowiedge and studies of
the structure and function of the heavy chain CHI domain and hight chain CL domain. See Figures 1-3,

11C and 12C.

[0179]  Thus, tn certain embodiments, there is provided a mudtispecific antigen-binding protein
comprising: {3} a first heavy chain/light chain pair capable of binding to a first antigen, the first heavy
chain/light chain pair comprising a first heavy chain polvpeptide (H1) and a first light chain polypeptide
{11}, and (b) a second heavy chain/light chain pair capable of binding to a second antigen, the second
heavy chainflight chain pair comprising a second heavy cham polypeptide (H2) and a second light chain
polvpeptide (L2}, wherein each Hl and HZ comprises a heavy chain variable domain (VH) and a heavy
chain constant domain (CH1), and cach L1 and L2 comprises a light chain variable domain (Vijand a
light chain constant domain {(CL); wherem the CH1 domain of HI comprises an amino acid substitution
at position $183 (EU numbering), and wherein the CL domain comprises an aminoe acid substitution
mutation at position ¥ 133 (EU numbering). In certain embodiments, the CHI domain of H1 consists of
{such as consists essentially of) an amino acid substitution at position 5183 (EU numbering), and wherein
the CL domain consists of (such as consists essentially of) an amino acid substitution mutation at position
V133 (EU numberning). In certain embodiments, the first antigen and the second antigen are the same. In
certain embodiments, the first heavy chaivhight chain pair and the second heavy chain/light chain pair
cach bind to a different epitope on the same antigen. In certain embodiments, the first antigen and the
second antigen are different. In certain cmbodiments, the multispecific antigen-binding proteinis a
bispecific antibody that bmds two different antigens. In certain embodiments,the bispecific antibody is
an antagonist or an agonist antibody. In certain embodiments, the bispecific antibody is an antagonist to
one or both antigens; while in other embodiments, the bispecific antibody is an agonist to one or both
antigens. Antigen-binding fragments of the multispecific antigen-binding proteins (such as bispecific

antibodies) provided herein are also contemplated.

{0186}  In certain embodiments, the amino acid at position $183 (EU numbering} on the CHI domain
of H1 of the multispecific antigen-binding protein 1s replaced with a positively charged amino acid
residue, and the amino acid at position V133 (EU numbenng} on the CL domain of the multispecific
antigen-binding protein is replaced with a negatively charged residue. In certain embodiments, the amino
acid at posttion S183 (EU nuwmbering) on the CH1Y domain of HI 1s replaced with a negatively charged
amino acid residue, and the amino acid at position V133 (EU numbering) on the CL domain 1s replaced
with a positively charged residue. In certain embodiments, the positively charged residue is selected
from the group consisting of R or K. In certain embodiments, the negatively charged residue is selected

from the group consisting of D and E.

54



WO 2016/172485 PCT/US2016/028850

[0181] In certain embodiments, the CH1 domain of the multispecific antigen-binding protein
comprises an amino acid substitution selected from the group consisting of S183A, SI183T, 5183V,
S183Y, SIE3F, S183H, SI183N, 81830, S183E, 5183R, and 5183K (EU numbermg}, and wherein the CL
domain comprises an amino acid substitution selected from the group consisting of VI33E, V133§,

V133, VI33W, VI33K, V1I33R, and V133D {EU numbering).

[0182]  In certan embodiments, the CHI domain of the multispecific antigen-binding protein consists
of {such as congsists essentially of} an amino acid substitution selected from the group consisting of:
SI83A, S183T, S183V, S183Y, SI83F, S183H, SI&3N, 81830, S183F, S183R, and SI83K (EU
numbening}, and wherein the CL domain consists of {such as consists essentially of) an amino acid
substitution selected from the group consisting of VI33E, V1335, VI33L, VI33W, VI33K, VI33R, and

V133D (EU numbering).

[0183] It will be apparent to those of ordinary skill in the art that the terms “H17 and “H2” are
arbitrary designations, and that “H1” and “H2” 1 any of the embodiments above can be reversed. That
is, any of the mutations above descibed as being in the CH1 domain of H1 and CL domain of L1 can,

alternatively, be in the CH! domain of H2 and the CL domain of L2,

[0184]  Thus, all possible pair-wise combinations of substitution mutations at position 8183 (EU
numberning) on the CHI domain of H1 and at posttion V133 (EU nunbering) on the CL domain of 1.1 arc
contemplated. In certain embodiments, specific combinations of substitution mutations at position 5183
{(EU numbering)} on the CH1 domain of H1 and at position V133 (EU numbering} on the CL domain of

L1 are contermplated.  Such combinations include, but are not limited to, those provided in Table 1

below:
Table 1

S183D/ s183a/ s1ig3m/ $183v/ $183%/ S183F/ g183F/
V133K V133K V133W Vi33L vi33s V133% V133D

81838/ $183a/ $183T/ $183v/ $183%/ g183F/ g183H/
V133K V133R V133K Vi33W Vi33L V1338 V1338

81834/ $183a/ $183T/ $183v/ £183%/ S183F $183H/
V1338 V133D V133R V133K Vi33W V133L V133L

81834/ 81831/ $183T/ $183v/ $183%/ g183F/ g183H/
V1338 V1338 V133n Vi33R V133K V133W V133W

81834/ 81831/ S183v/ 8183v/ $183%/ S183F/ S183N/
V133L V1338 V133R Vi33n Vi33R V133K V133L

81834/ 81831/ S183v/ $183%/ £183%/ S183F/ S183E/
V1330 V133%L V1338 Vi33% Vi33n V133R V133L

81831/ 183K/ S183%/

V133K V1338 V133K
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[0185]  In certain embodiments, the multispecific antigen-binding protein comprises a CHI domain of
H1 comprising the S183D or S183E mutation {(EU numbering}, and a CL domain of L1 comprising the
V133K mutation (EU numbering). In certain embodiments, the multspecific antigen-binding protein
comprises a CH1 domain of H1 and a CL domain of L1, wherein the CHI domain consists of the 5183D

or S183E mutation (EU numbering}, and a CL domain of L1 consists of the V133K mutation (EU

numbering).
[0186] Two cxemplary [gG1 CHI domain amino acid sequences (SEQ 1D NG: 533 and SEG 1D NO:

109}, an exemplary IgG2 CHI1 domain amino acid sequence (SEQ {13 NG 109), an cxemplary IgG2
CH1 domain sequence (SEQ 1D NO: 110}, an exemplary 1gG3 CHI domain amino acid sequence (SEQ
IDNO: 111), an exemplary IgG4 CHI domain amino acid sequence (SEQ ID NQ: 112), an exemplary
tarabda CL domain amino acid sequence {SEQ ID NO: 113) and an exemplary kappa CL domain amino

acid sequence (SEQ 1D NG: 54) are provided below:

ASTRGPSVEP LAPSSKSTSG GTAALGCLVK DYFPEPVIVS WNSGALTSGY HTFPAVLOSS

GLYSLSSVVT

VESSSLETQT YICNVNHKPS NTEVDKKY (8EQ ID NO: 53}

TKGPSVEFPLA
SSSLGTQTYI

TKGPSVEFPLA
SSNEGTQTYT

TKGPSVEFPLA
SSSLGTQTYT

TKGPSVEFPLA
SSSLGTKTYT

GQPKAAPSVT
YLSLTPEQWK

TVAAPSVEIE

LTLSKADYEK

termunus of the mature CL domain, as shown in SEQ 1D NQO:30, which is gencrated as the result of gene

splicing}

[6187]

PSSKSTSGGT

CN (SEQ ID

PCSRSTSEST

CN (SEQ ID

PCSRSTSGGT

CN (SEQ ID

PCSRSTSEST

CN (SEQ ID

LFPPSSEELQ
SHKSYSCQVT

HEKVYACEVTH

AALGCLVKDY

NO: 109)

AALGCLVKDY

NO: 110)

AALGCLVKDY

NO: 111)

AALGCLVKDY

NO: 112)

ANKATLVCLI
HEGSTVEKTV

5 TASVVCLLNN

QGLSSPVTKS

FPEPVTVSWN

FPEPVTVSWN

FPEPVTVSWN

FPEPVTVSWN

SGALTSGVHT

SGALTSGVHT

SGALTSGVHT

SGALTSGVHT

FPAVLQSSGL

FPAVLQSSGL

FPAVLQSSGL

FPAVLQSSGL

SDEYPGAVTV AWKADSSPVK AGVETTTPSK

APTECS (SEQ ID NO:

FYPREARKVOW

FNRGEC (SEQ ID No: 54, without the R residue at the N-

chain (SEQ 1D NO: 56) are provided below:

KVDENALQSGN

56

113)

SQESVTEQDS

YSL3ISVVTVP

YSL3SVVTVP

YSL3SVVTVP

YSLISVVTIVP

QSNNKYAASS

KDSTYSLSST

The amino acid sequences of full-length 405 {gG1 heavy chain (SEQ 1D NO: 55) and hight
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4D5 HC (Human IgGly

EVQLVESGGG LVQPGGSLRL SCAASGEFNIK DTYIHWVROA PGRGLEWVAR TYPTNGYTRY ADSVEGRETIL
SADTSKNTAY LOMNSLRAED TAVYYCSRWG GDGFYAMDYW GQGTLVIVSS ASTKGPSVEP LAP3SKSTSG

GTAALGCLVEK DRYFPERPVIVS WNIGALTSGEV HTFPAVLYSS GLYSLSSVVT VPSSSLGTQT YICNVNHKPS

NTEVDKEVEP KSCDKTHTCP PCPAPELLGG PSVFLFPPKP KDTLMISRTE EVICVVVDVS HEDPEVEENW

YVDRGVEVHNA KTKPREEQYN STYRVVSVLT VLHODWLNGK EYKCKVSNKA LPAPIEKTIS KAKGQPREPQ

VYTLPEZSREE MTENQVSLWC LVEGEYPSDI AVEWESNGQOP ENNYKTTPPV LDSDGSEFFLY

OOGNVFSCSYV MHEALHNHYT OKSLSLSPGK (SEQ ID NO: 55)
4D35 LC (Human Kappa):

DIOMTQOSP3S LSASVGDRVT ITCRASCDVN TAVAWYOQOKP GKAPKLLIYS ASFLYSGVES RESGSRIGTD
FTLTISSLOFP EDFATYYCQQ HYTTPPTEFGQ GTRKVEIKRTV AAPSVFIFPP SDEQLKSGTA SVVCLLNNEY
PREARKVOWRY DNALQOSBGNSQ ESVTEQDSKD STYSLSSTLT LSRADYEKHK VYACEVTHQOG LSSPVIHSEN RGEC (SEQ

ID WO: 583

[0188]  In certain embodiments, the multispecific antigen-binding protein comprises a kappa hight
chain. In certain embodiments, the multispecific antigen-binding protem comprises a CL domain of L1
comprising the amine acid sequence set forth in SEQ 1D NO: 1 or the aming acids 11-116 in the
sequence sei forth in SEQ ID NG: 1. In certain embodiments, the muitispecific antigen-binding protein
comprises a CL domain of L1 compunsing the amino acid sequence set forth 1o SEQ 1D NO: 2 or the
anmino acids 11-116 in the sequence set forth in SEQ 1D NO: 2. In certamn embodiments, the
multispecific antigen-binding protein comprises a CL domain of L1 comprising the amino acid sequence
set forth in SEQ ID NG: 3 or the amino acids 11-116 in the sequence set forth in SEQIDNG: 3. In
certain embodiments, the multispecitic antigen-binding protein comprises a CL domam of L1 comprising
the amino acid sequence set forth in SEQ 1D NG: 4 or the amino acids 11-116 in the sequence set forth in
SEQ B NQO: 4. In certain embodiments, the multispecific antigen-binding protein comprises a CL
domain of L1 comprising the amino acid sequence set forth in SEQ ID NG: 5 or the amino acids 11-116
n the sequence set torth in SEQ 13 NO: 5. In certain embodiments, the multispecific antigen-binding
protein comprises a CL domain of L1 comprising the amino acid sequence set forth in SEQ D NO: 6 or
the aming acids 11-116 in the sequence set forth in SEQ ID NO: 6. In certain embodiments, the
multispecific antigen-binding protein comprises a CL domain of L1 comprising the amino acid sequence

set forth in SEQ ID NOG: 7 or the amino acids 11-116 in the sequence set forth in SEQ 1D NG: 7.

[0189]  The amuno acid sequences of SEQ 1D NQOs: 1-7 are provided i Table 2A below. In certain
embodiments, the multispecific antigen-binding protein comprises a first light chain polypeptide L1
comprising a CL. domain as set forth in any of these sequences. The CL domain as set forth in SEQ ID
NO: 54 corresponds to amino acids 11-116 of SEQ ID NOs: 1-7. Accordingly, L1 may comprise a CL
domain comprising amino acids 11-116 as set forth in any of SEQ ID Nos: 1-7.
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Table 2A

V133E GOGTKVEIKR TVAAPSVFIF PPSDEQLKSG TASVECLLNN FYPREAKVOW
KVDNALQSGN SQESVTEQDS KDSTYSLSST LTLSKADYEK HKVYACEVTH

SEQID NO: 1 QGLSSPVTKS FNRGEC

V1338 GOGTKVEIKR TVAAPSVFIF PPSDEQLKSG TASVSCLLNN FYPREAKVOW
KVDNALQSGN SQESVTEQDS KDSTYSLSST LTLSKADYEK HKVYACEVTH

SEQ ID NO: 2 QGLSSPVTKS FNRGEC

V133L GOGTKVEIKR TVAAPSVFIF PPSDEQLKSG TASVLCLLNN FYPREAKVOW
KVDNALQSGN SQESVTEQDS KDSTYSLSST LTLSKADYEK HKVYACEVTH

SEQ ID NO: 3 QGLSSPVTKS FNRGEC

V133W GOGTKVEIKR TVAAPSVFIF PPSDEQLKSG TASVWCLLNN FYPREAKVOW
KVDNALQSGN SQESVTEQDS KDSTYSLSST LTLSKADYEK HKVYACEVTH

SEQ ID NO: 4 QGLSSPVTKS FNRGEC

V133K GOGTKVEIKR TVAAPSVFIF PPSDEQLKSG TASVKCLLNN FYPREAKVOW
KVDNALQSGN SQESVTEQDS KDSTYSLSST LTLSKADYEK HKVYACEVTH

SEQ ID NO: 5 QGLSSPVTKS FNRGEC

V133R GOGTKVEIKR TVAAPSVFIF PPSDEQLKSG TASVRCLLNN FYPREAKVOW
KVDNALQSGN SQESVTEQDS KDSTYSLSST LTLSKADYEK HKVYACEVTH

SEQ ID NO: 6 QGLSSPVTKS FNRGEC

v133D GOGTKVEIKR TVAAPSVFIF PPSDEQLKSG TASVDCLLNN FYPREAKVOW
KVDNALQSGN SQESVTEQDS KDSTYSLSST LTLSKADYEK HKVYACEVTH

SEQ ID NO: 7 QGLSSPVTKS FNRGEC

[6190]
to amino acid position 35 in SEQ 1D NOs: 1-7.

Amino acid position 133 (EU numbering) in the CL domain of a kappa light chain corresponds

[0121]  In certain embodiments, the multispecific antigen-binding protein comprises a lambda light
chain. In certain embodiments, the multispecific antigen-binding protein comprises a CL domain of L1
comprising the anmino acid sequence set forth in SEQ 1D NO: 114, In certain embodiments, the
multispectfic antigen-binding protein comprnises a CL domain of L1 comprising the amino acid sequence
set forth in SEQ IR NG: 115, In certain embodiments, the moltispecific antigen-binding protein
comprises a CL domain of L1 comprising the amino acid sequence set forth 1o SEQ ID NO: 116, In
certain embodiments, the multispecific antigen-binding protein comprises a CL domain of L. comprising
the amino acid sequence set forth in SEQ ID NO: 117, In certain embodiments, the multispecific
antigen-binding protein comprnses a CL domain of L1 comprising the aminoe acid sequence set forth in
SEQ D NO: 118, In certain embodiments, the multispecific antigen-binding protein comprises a CL
domain of L1 comprising the amino acid sequence set forth in SEQ 1D NO: 119, In certain
embodiments, the multispecific antigen-bindmg protein comprises a CL domam of L1 comprising the

aming actd sequence set forth in SEQ 1D NG 120

[0192]  The amino acid sequences of SEQ 1D NOs: 114-120 are provided m Table 2B below:

58



WO 2016/172485 PCT/US2016/028850
Table 2B

V133E GQPKAAPSVT LEFPPSSEELQ ANKATLECLI SDFYPGAVTV AWKADSSPVK
AGVETTTPSK QSNNKYAASS YLSLTPEQWK SHKSYSCQVT HEGSTVEKTV

SEQ ID NO: 114 APTECS

Vv133s GOPKAAPSVT LFPPSSEELQ ANKATLSCLI SDFYPGAVTV AWKADSSPVK
AGVETTTPSK QSNNKYAASS YLSLTPEQWK SHKSYSCQVT HEGSTVEKTV

SEQ ID NO: 115 APTECS

V133L GQPKAAPSVT LEFPPSSEELQ ANKATLLCLI SDFYPGAVTV AWKADSSPVK
AGVETTTPSK QSNNKYAASS YLSLTPEQWK SHKSYSCQVT HEGSTVEKTV

SEQ ID NO: 116 APTECS

V133W GOPKAAPSVT LFPPSSEELQ ANKATLWCLI SDFYPGAVTV AWKADSSPVK
AGVETTTPSK QSNNKYAASS YLSLTPEQWK SHKSYSCQVT HEGSTVEKTV

SEQ ID NO: 117 | apTECS

V133K GOPKAAPSVT LFPPSSEELQ ANKATLKCLI SDFYPGAVTV AWKADSSPVK
AGVETTTPSK QSNNKYAASS YLSLTPEQWK SHKSYSCQVT HEGSTVEKTV

SEQ ID NO: 118 APTECS

V133R GOPKAAPSVT LFPPSSEELQ ANKATLRCLI SDFYPGAVTV AWKADSSPVK
AGVETTTPSK QSNNKYAASS YLSLTPEQWK SHKSYSCQVT HEGSTVEKTV

SEQ ID NO: 119 APTECS

V133D GOPKAAPSVT LFPPSSEELQ ANKATLDCLI SDFYPGAVTV AWKADSSPVK
AGVETTTPSK QSNNKYAASS YLSLTPEQWK SHKSYSCQVT HEGSTVEKTV

SEQ ID NO: 120 | apTECS

[0123]  Amino acid position 133 (EU numbering) in the CL domain of a kappa light cham corresponds
to amino acid position 133 (Kabat numbenng) in the CL domain of a lambda light chain, which

corresponds to amino acid position 27 in SEQ ID NOs: 114-120.

10194]  In certain embodiments, the multispecific antigen-binding protein comprises an gl heavy
chain, an IgGZ heavy chain, an 1g(G3 heavy chain, or an 1gG4 heavy chain. In certain embodiments, the
multispectfic antigen-binding protein comprises a CHI domain of H1 comprising the amino acid
sequence set forth in SEQ ID NQG: 8. In certain embodiments, the multispecific antigen-binding protein
comprises a CHI domain of H1 comprising the amino acid sequence set forth in SEQIDNG: 9. In
certain embodiments, the multispecific antigen-binding protein comprises a CHI domain of Hi
comprising the amino acid sequence set forth in SEQ ID NGO: 10, In certain embodiments, the
multispecific antigen-binding protein comprises a CH1 domain of Hl comprising the amino acid
sequence set forth in SEQ 1D NO: 11, In cortain embodiments, the multispecific antigen-binding protein
comprises a CH1 domain of H1 comprising the amino acid sequence set forth n SEQID NG 12, In
certain embodiments, the multispecific antigen-bindmg protein comprises a CHI domain of Hi
comprising the amine acid sequence set forth in SEQ 1D NO: 13, In certain embodiments, the
multispecific antigen-binding protein comprises a CHI1 domain of H1 comprising the amino acid

sequence set forth in SEQ 1D NO: 14, In certain embodiments, the multispecific antigen-binding protein
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comprises a CHI domain of H1 comprising the amino acid sequence set forth in SEGIDNG: 15 In

certain embodiments, the multispecific antigen-binding protein comprises a CHI domain of Hi

comprising the amino acid sequence set forth in SEQ [D NO: 16, In certain embodiments, the

multispecific antigen-binding protein comprises a CH1 domain of Hl comprising the amino acid

sequence set forth in SEQ 1D NO: 161, in certain embodiments, the multispecific antigen-binding

protein comprises a CHI domain of H1 comprising the anmino acid sequence set forth m SEQ 1D NO:

102. In certain embodiments, the multispecific antigen-binding protein comprises a CHI domain of Hl

comprising the amine acid sequence set forth in SEQ ID NO: 121, In certain embodiments, the

multispecific antigen-binding protein comprises a CHI domain of Hi comprising the amino acid

sequence set forth in SEQ 1D NG: 122, fo certam embodiments, the multispecific antigen-binding protein

comprises a CHI domain of H1 comprising the amino acid sequence set forth in SEQ ID NG: 123, In

certain embodiments, the multispecific antigen-binding protein comprises a CH1 domain of Hi

comprising the amino acid sequence sct forth in SEQ ID NG: 124, In certain embodiments, the

multispecific antigen-binding protein comprises a CHI domain of H1 comprising the amino acid

sequence set torth in SEQ ID NGO: 125, In certain embodiments, the multispecific antigen-binding protem

comprises a CHI domaim of H1 comprising the amino acid sequence set forth in SEQ 1D NO: 126

{0195]  The amino acid sequences of SEQ 1D NQOs: 8-16, 101-102, and 121-126 are provided i Table
3 below:
Table 3

S183A TKGPSVFPLA PSSKSTSGGT AALGCLVKDY FPEPVTVSWN SGALTSGVHT FPAVLOSSGL
SEQ ID NO: 8 YSLASVVTVP SSSLGTQTYI CN
S183T TKGPSVFPLA PSSKSTSGGT AALGCLVKDY FPEPVTVSWN SGALTSGVHT FPAVLOSSGL
SEQ ID NO: 9 YSLTSVVTVP SSSLGTQTYI CN
s183v TKGPSVFPLA PSSKSTSGGT AALGCLVKDY FPEPVTVSWN SGALTSGVHT FPAVLOSSGL
SEQ ID NO: 10 YSLVSVVTVP SSSLGTQTYI CN
s183y TKGPSVFPLA PSSKSTSGGT AALGCLVKDY FPEPVTVSWN SGALTSGVHT FPAVLOSSGL
SEQ ID NO: 11 YSLYSVVTVP SSSLGTQTYI CN
S183F TKGPSVFPLA PSSKSTSGGT AALGCLVKDY FPEPVTVSWN SGALTSGVHT FPAVLOSSGL
SEQ ID NO: 12 YSLESVVTVP SSSLGTQTYI CN
s183H TKGPSVFPLA PSSKSTSGGT AALGCLVKDY FPEPVTVSWN SGALTSGVHT FPAVLOSSGL
SEQ ID NO: 13 YSLHSVVTVP SSSLGTQTYI CN
S183N TKGPSVFPLA PSSKSTSGGT AALGCLVKDY FPEPVTVSWN SGALTSGVHT FPAVLOSSGL

YSLNSVVTVP SSSLGTQTYI CN

SEQ ID NO: 14
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S183E IgGl TKGPSVFPLA PSSKSTSGGT AALGCLVKDY FPEPVTVSWN SGALTSGVHT FPAVLOSSGL
SEQ ID NO: 15 YSLESVVTVP SSSLGTQTYI CN
S183D TKGPSVFPLA PSSKSTSGGT AALGCLVKDY FPEPVTVSWN SGALTSGVHT FPAVLOSSGL
SEQ ID NO: 16 YSLDSVVTVP SSSLGTQTYI CN
S183E IgG2 TKGPSVFPLA PCSRSTSEST AALGCLVKDY FPEPVTVSWN SGALTSGVHT FPAVLOSSGL
SEQ ID NO: 121 YSLESVVTVP SSNFGTQTYT CN
S183E IgG3 TKGPSVFPLA PCSRSTSGGT AALGCLVKDY FPEPVTVSWN SGALTSGVHT FPAVLOSSGL
SEQ ID NO: 122 YSLESVVTVP SSSLGTQTYT CN

TKGPSVFPLA PCSRSTSEST AALGCLVKDY FPEPVTVSWN SGALTSGVHT FPAVLOSSGL
S183E IgG4 YSLESVVTVP SSSLGTKTYT CN
SEQ ID NO: 123
S183R TKGPSVFPLA PSSKSTSGGT AALGCLVKDY FPEPVTVSWN SGALTSGVHT FPAVLOSSGL
SEQ ID NO: 101 YSLRSVVTVP SSSLGTQTYI CN
S183K IgGl TKGPSVFPLA PSSKSTSGGT AALGCLVKDY FPEPVTVSWN SGALTSGVHT FPAVLOSSGL
SEQ ID NO: 102 YSLKSVVTVP SSSLGTQTYI CN
S183K IgG2 TKGPSVFPLA PCSRSTSEST AALGCLVKDY FPEPVTVSWN SGALTSGVHT FPAVLOSSGL
SEQ ID NO: 124 YSLKSVVTVP SSNFGTQTYT CN
S183K IgG3 TKGPSVFPLA PCSRSTSGGT AALGCLVKDY FPEPVTVSWN SGALTSGVHT FPAVLOSSGL
SEQ ID NO: 125 YSLKSVVTVP SSSLGTQTYT CN

TKGPSVFPLA PCSRSTSEST AALGCLVKDY FPEPVTVSWN SGALTSGVHT FPAVLOSSGL
S183K IgG4 YSLKSVVTVP SSSLGTKTYT CN

SEQ ID NO: 126

[0196]
amino acid position 64 in SEQ 1D NQOs: 8-16, 101-102, and 121-126.

Arine acid posttion 143 in the CHldomain of 1gG1, 1gG2, 1563, and 18G4 corresponds to

101977 All possible pair-wise combinations of SEQ 1D NOs: 1-7 or aming acids 11-116 of SEQ ID
MNos: -7 and 114-120 with SEQ 1D NOs: 8-15, 101-102, and 121-126 are contemplated. In certain
embodiments, specific combinations of SEQ I3 NOs: 1-7 or amino acids 11-116 of SEQ 1D Nos: 1-7 and
114-120 with SEQ 1D NOs: 8-15 and 101 and 102 are contemplated. Such combinations include, but are

not inited to, those provided in Table 4 below (HC 1s IgG1 HC unless indicated otherwise):

Table 4
SEQ ID NO: 16/ g ID No: 8/ SEQ ID NO: 9/ EQ ID No: 10/
BQ ID NO: 5% SEg ID NO: b BQ ID NO: 4% SEgQ ID NO: 3¥
S183D/V133K kappa £183A/V1i33K kappa S183T/V133W kappa S183V/V133L kappa
SEQ ID No: 15/ $EQ ID No: 8/ SEQ ID NO: 9/ SEQ ID No: 10/
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SEQ ID RO: b¥*
S1B3E/Vi33K
IGgl/kappa

SEQ ID NO: &%
5183A/V1i33R kappa

SEQ ID RO: b¥
S183T/V133K kappa

SEQ ID NO: 4%
5183V/V133W kappa

SEQ ID No: 8/
EQ ID MNO: 1*
S183A/V133E kappa

SEQ ID NO: 8/
SEQ ID NO: 7*
£183A/V133D kappa

SEQ ID NO: 9/
BQ ID MNO: &%
S183T7/V133R kappa

EQ ID NO: 10/
SEQ ID NO:; 5+
S183V/V133K kappa

SEQ ID MO: &/
SEQ ID RO: 2%
S183A/V1338 kappa

SEQ ID No: 9/
SEQ ID NO: 1*
31837/V133E kappa

SEQ ID NO: 9/
SEQ ID RO: 7%
S183T/V133D kappa

SEQ ID No: 106/
SEQ ID NO: &%
5183V/V133R kappa

SEQ ID RO: 8/
SEQ ID NO: 3%
8183A/V133L kappa

SEQ ID No: 9/
BQ ID NO: 2%
S183T/V1338 kappa

SEQ ID WNO: 10/
SEg ID NO: 1>
8183V/V133E kappa

SEQ ID MOo: 10/
BQ ID NOC: 7T*
$183V/V133D kappa

SEQ ID NO: 8/
BQ ID NO: 4%
S183A/V133W kappa

SEQ ID No: 9/
SEg ID NO: 3
S183T/V133L kappa

SEQ ID NO: 10/
BQ ID NO: 2%
S183V/V1335 kappa

BQ ID No: 11/
SEgQ ID NO: 1*
S183¥/V133E kappa

SEQ ID No: 11/
SEQ ID RO 2%
S183¥/V1338 kappa

$EQ ID No: 12/
SEQ ID NO: 1¥*
3183%/V133E kappa

SEQ ID NOo: 12/
SEQ ID NO: 7+
S183F/V133D kappa

SEQ ID No: 11/
SEQ ID NO: 3%
5183¥/V1i33L kappa

SEQ ID No: 12/
SEQ ID NO: 2%
8183F/V1338 kappa

SEQ ID MO: 13/
SEQ ID NO: 2%
S183H/V133S kappa

SEQ ID Wo: 11/
SEgQ ID NO: 4
8183Y/V133W kappa

BQ ID MO: 12/
SEQ ID ROG: 3%
S183F/V1i33L kappa

G ID MO: 13/
SEQ ID NOo: 3%
S183H/V1i33L kappa

SEQ ID NO: 11/
SEg ID NO: b
3183Y/V133K kappa

®Q ID MO: 12/
SEQ ID NO: 4%
S183F/V1i33W kappa

SEQ ID WNo: 13/
SEQ ID NO: 4*
3183H/V133W kappa

EQ ID NO: 11/
SEQ ID NO: &*
S183¥/V133R kappa

$EQ ID No: 12/
SEQ ID NO: S¥
8183F/V133K kappa

EQ ID NO: 14/
SEQ ID NO; 3+
S183N/V133L kappa

SEQ ID No: 11/
BQ ID MO: T*
S183Y/V133D kappa

SEQ ID No: 12/
SEQ ID NO: &%
3183¥%/V1i33R kappa

SEQ ID MO: 15/
SEQ ID NO: 3%
S1B83R/V133L kappa

SEQ ID NoO: 102/
SED ID NO: 1¥
5183K/V133E kappa

SEQ ID MC: %/
SEQ ID RO: b¥
S183T/V133K kappa

SEQ ID NO: 8/
B ID WO: 114
S1834/V133E lambda

SEQ ID No: 9/
SEQ ID NO: 114
3183T/V133E lambda

SEQ ID MO: 10/
B5Q ID WO: 114
$183V/V133E lambda

SEQ ID WNo: 11/
SEQ ID NO: 114
8183Y/V1i33E lambda

EQ ID NO: 12/
B ID WO: 114
S1B3F/V133E lambda

SEQ ID NO: 102/
SED ID NO: 114
SL1E83K/VI33E
Ig3l/lambda

BQ ID NO: 18/
B8Q ID WO: 118
$183D/V133K lambda

SEQ ID Ro: 8/
SEQ ID NO: 118
8183A/V133K lambda

SEQ ID MO: 15/
SEQ ID NO: 118
S183E /V133XK
IgGl/lanbda

SEQ ID No: 9/
SEQ ID RO: 11g
S1B3T/V133K lamkda

SEgQ ID No: 106/
SEQ ID NO: 118
8183V/V133K lambda

8EQ ID NO: 11/
SEQ ID RO: 118
$183¥/V133K lamkda

®O ID WO: 12/
SEg ID NO: 118
8183¥/V133K lambda

SEQ ID NO: 8/
3B ID NO: lis
81837/V133K lambda

SEQ ID No: 121/
SEQ ID NO: 5
S1838/V133K
IgG2/kappa

EQ ID No: 122/
SEQ ID RO: 5
S1838B/V133K
IgG3/kappa

SEQ ID NO: 123/
SEg ID NO: 5
S1B838/V133K
IgG4/kappa

SEQ ID NO: 121/
SEQ ID NO: 118
S183E /V133k
Igs2/lambda

SEQ ID Wo: 122/
SEQ ID No: 118
81838 /Vi33K
IgG3/Llambda

SEQ ID NO: 123/
SEQ ID NO: 118
51838 /V133x
IgG4/lambda

SEQ ID NO: 124/
8D ID WO: 1

S183K/V133E
IgG2/kappa

SEQ ID NO: 128/
SED ID NO: 1

3183K/V133E
IgG3/kappa

SEQ ID MO: 126/
8D ID WO: 1

S183K/V1I33E
IgG4/kappa

SEQ ID NO: 124/
SED ID MNO: 114

3183X/V133E
IgG2/Lambda

SEQ ID No: 125/

3EQ ID NO: 126/
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SED ID NO: 114 SED ID MO: 114
S1B3K/V133R 3183K/V133E
IgG3/ lambda IgE4/lambda

* gr amingo acids 11-116 of the corresponding sequence

[0198]  The first SEQ ID NG n each pair in Table 4 refers to a CHI domain sequence, and the second
SEQ ID NO in cach pair in Table 4 refers to a CL domain sequence.

[0199] It will be apparent to those of ordinary skill in the art that the terms “HI” and “H2” are
arbitrary designations, and that “H1” and “H2” in any of the embodiments above can be reversed. That
1s, any of the mutations above descibed as being in the CHI domain of H1 and L domain of L1 can,

alteratively, be in the CHI domain of H2 and the CL domain of L2,

{8200]  In certamn embodiments, the multispecific antigen-binding proteins comprise CHI/CL
mutations and demonstrate correct protein folding and/or expression levels that are comparable or
superior to the multispecific antigen-binding proteins without the mutations or each parental

monospecific antigen-binding proteins without the mutations.

{0201]  In certain embodiments, the CHI domain of H2 and the CL domain of L2 of the multispecific
antigen-binding protein do not comprise an amino acid substitution. In certain embodiments, the CHI of
H2 of the multispecific antigen-binding protein does not comprise a substitution at 5183 (EU
numbernng), and the CL of L2 of the multispecific antigen-binding protein does not comprise a

substitution at V133 (EU numbering).

{0202]  In certain crnbodiments, the parental H1 from which an H1 of a multispecific antigen-binding
protein provided herein is dertved docs not show a significant preference for a parental L1 from which an
L1 of a multispecific antigen-binding protein provided herein is derived. In certain embodiments. In
certain embodiments, the parental H1 from which an H1 of a multispecific antigen-binding protein
provided herein is derived shows a preference for a parental L1 from which an L1 of a multispecific

antigen-binding protein provided hercin 1s dertved.

{6203] It will be apparent to those of ordinary skill in the art that the terms “H17 and “H2” are
arbitrary designations, and that “H1” and “H2” in any of the ernbodiments above can be reversed. That
i3, any of the mutations above descibed as being in the CHI domain of Hi and CL domain of L1 can,

alternatively, be in the CHI domain of H2 and the CL domain of L2,
Strategy #2

[02064]  Using a second strategy aided bv computer-guided and human-guided designs, Applicants
redesigned the interacting surfaces of a CH1 domain of a heavy chain and a CL domain of a light chain to

generate CHI/CL mutant pairs that are sterically compatible (such as conformationally compatible) with
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cach other. The modified CH1 domains in cach CHI/CL mutant pair are less sterically compatible {such
as conformationally compatible) with wild-type CL, and demonstrate decreased pairing to wild-type CL.
Correspondingly, the modified CL domains in cach CHI/CL mutant pair are less sterically compatible
(such as conformationally compatible} with wild-type CHI, and demonstrate decreased pairing to wild-
type CHI It was sarpnsingly discovered that the Tm of the Fabs comprising the modifications at the
mterface of the CHI and CL domains were the same or substantially the same as the To of the Fabs

without the corresponding mutations in the CH1/CL domains.

[0265]  The mutations identificd using the design strategy described below can be used independently

of or in addition to the S183/V 133 mutations discussed above {(i.e., Strategy #1).

[02066]  In a first approach (.., “Approach A™), onc or more amino acid substitution mutations were
mtroduced to the CL domain of a light chain to create a “knob” {or protuberance) on the surface of the
CL domain that mteracts with the CHI domain. Correspondingly, one or more amino acid substitution
mutations were introduced to the CHI domain of a heavy chain o create a “hole” (or cavity) on the
surface of the CHI domain that interacts with the CL domain. See, e.g., Figure 11A. fn certain
embodiments, the multispecific antigen-binding proteins comprising the modified CHI/CL sequences
result in preferential paining of the heavy and light chains with the amino acid substitution mutations n
the CHI and CL domains. In certain embodiments, the multispecific antigen-binding proteing
comprising the modified CHI/CL sequences demounstrate increased protein expression levels as
compared to the nultispecific antigen-binding proteins without the corresponding CHE/CL mutations. In

certain embodiments, the substituted anmino acid(s} are not replaced with charged residue(s).

02671  In a sccond approach (i.e., “Approach B}, two or more amine acid substitution mutations were
mtroduced to the CL domain of a hght chain to create a “knob” (or protuberance) and a “hole” (or cavity)
on the surface of the CL domain that interacts with the CHI domain. Correspondingly, two or more
mutations were introduced to the CHI domain of a heavy chain to create a “hole” and a “knob” at the
surface of the CHI domain that interacts with the CL domain. See, e.g., Figure 118, o cortain
embodiments, the multispecific antigen-binding proteins comprising the modified CHI/CL sequences
show preferential pairing of the heavy and hight chains with the amine acid substitution mutations in the
CH1 and CL domains. In certain embodiments, the multispecific antigen-binding proteins comprising
the modified CH1/CL sequences show increased protein cxpression as compared to the multispecific
antigen-binding proteins without the correspondimg CHI/CL mutations. In certain embodiments, the

substituted amino acid(s} are not replaced with charged residue(s}.

[0208]  Multispecific antigen-binding proteins comprising a moditied CHI domain of Hl and a
modified CL domain of L1 demonstrate improved stability and improved specificity with regard to heavy

chain/light cham pairing. Provided herein is a maltispecific antigen-binding protein comprising: a) a first
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heavy chainflight chain pair capabie of binding to a first antigen, the first heavy chain/light chain pair
comprising a first heavy chain polypeptide (H1) and a first light chain polypeptide (1.1}, and b} a sccond
heavy chain/light chain pair capable of binding to a second antigen, the second heavy cham/light cham
pair compnsing a second heavy chain polypeptide (H2} and a second light chain polvpeptide (L2},
wherein each H1 and H2 comprises a heavy chain variable domain {VH) and a heavy chain constant
domain (CH1), and cach L1 and L2 comprises a light chain variable domain (VL) and a light chain
constant domain {CL); wherein the CH1 domaim of H1 comprises an amino acid substitution at position
F170 (EU nambering), and wherein the CL domain comprises an amino acid substitution at position 5176
{EU numbering}. o certain embodiments, the first antigen and the second antigen are the same. In
certain embodiments, the first heavy cham/light chain pair and the second heavy chauvlight chain pair
cach bind to a different epitope on the same antigen. In certain embodiments, the first antigen and the
second antigen are different. In certain embodiments, the CHI domain of H1 of the multispecific
antigen-binding protein further comprises one or more amino acid substitutions sclected from the group
consisting of: Al41, 5181, 8183, and V185 (all EU numbering). In certain embodiments, the CL domain
of Liof the multispecific antigen-binding protein further comprises one or more anino acid substitutions
selected from the group consisting of F116, S131, V133, L135, 8162, $174, and T178 (all EU
numbering}. In certain embodiments, the CL domain of Llof the maltispecific antigen-binding protein
further comprises one or more amino acid substitutions selected from the grovup consisting of F116,
V133, L1335, 5162, 5174, and T178 (all EU numbering). In certain embodiments, the CL domain of Liof
the multispecific antigen-binding protein further comprises one or more amino acid substitutions selected
from the group consisting of F116, §131, L135, 8162, §174, and T178 {all EU nombering). In certan
embodiments, the CL domain of Liof the muliispecific antigen-binding protein further comprises one or
more amino acid substitutions sclected from the group consisting of F116, L135, 8174, and T178 (all EU
numbering). In certan embodiments, the CL domain of L 1ot the multispecific antigen-binding protein
further comprises one or more amino acid substitutions selected from the group consisting of F116, L1335,
8162, 5174, and T17% (all EU numbering}. In certain embodiments, the aminoe acid substitutions result in
steric complementanty. In certain embodiments, the amino acid substitutions result in conformational
complementarity. In certain embodiments, the substituted amino acid(s) are not replaced with charged

residue(s).

{0209]  In certam embodiments, the CHI domain ot H1 of the multispecific antigen-binding protein
comprises (such as consists of or consists essentially of) one or more amine acid substitutions selected
from the group consisting of: Al41 and F170 (all EU numbering}. In certain embodiments, the CL
domain of Liof the multispecific antigen-binding protein comprises one or more amino acid substitutions
selected from the group constisting of F116, L1353, §176, and T178 (all EU numbering). In certain
embodiments, the amino acid substitutions result in steric complementarity. In certain embodiments, the

aming actd substitutions result in conformational complementanty.
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[0218]  In certain embodiments, the CHI domain of H1 of the multispecific antigen-binding protein
comprises (such as consists of or consists essentially of) one or more amino acid substitutions selected
from the group consisting of: F170, 8181, and §183 {all EU numbering). In certain embodiments, the CL
domain of L1of the multispecific antigen-binding protein comprises one or more amino acid substitutions
selected from the group consisting of F116 and 5176 (all EU numbering). In certain embodiments, the
amino acid substitutions result in steric complementarity. In certain embodiments, the anino acid

substitutions result in conformational complementanty.

[0211]  In certain embodiments, the CHI domain of HI of the multispecific antigen-binding protein
comprises (such as consists of or consists essentially of} the anmuino acid substitution F170 (EU
numberning). In certain embodiments, the CL domain of Llof the multispecific antigen-binding protein
comprises one or more amino acid substitutions selected from the group consisting of F116, L1335, 5174,
8176, and T178 (all EU numbenng). In certain embodiments, the amino acid substitutions result in steric
complementarity. In certain embodiments, the amino acid substitutions result in conformational

complementarity.

[0212]  In certan embodiments, the CHI domain of H1 of the multispecific antigen-binding protein
comprises (such as consists of or consists essentially of) one or more anminoe acid substitutions selected
from the group consisting oft F170, 8183, and V185 {all EU nambering}. In certain embodiments, the
CL domain of Liof the multispecific antigen-binding protein comprises one of more amino acid
substitutions sclected from the group consisting of F116, 8176, and T178 {(all EU numbering). In certain
embodiments, the amino acid substitutions result in steric complementarity. In certain embodiments, the

aming actd substitutions result in conformational complementanty.

{0213]  In certam embodiments, the CH1 domain of HI of the multispecific antigen-bindmg protein
comprises (such as consists of or consists essentially of} one or more aming acid substitutions selected
from the group consisting of: F170, 5181, and V183 (all EU numbering}. In certain embodiments, the
CL domain of Llof the multispecific antigen-binding protein comprises one or more aming acid
substitutions selected from the group consisting of F116, 1135, and 5176 {(all EU numbering}. In certain
embodiments, the amino acid substitutions result in steric complementanty. In certain embodiments, the

amino acid substitutions result in conformational complementarity.

{8214]  In certam embodiments, the CHI domain of H1 of the multispecific antigen-binding protein
comprises {such as consists of or consists essentially of) one or more amino acid substititions selected
from the group consisting of: Al41 and F170 (all EU numberning}. In certain embodiments, the CL
domain of Liof the multispecific antigen-binding protein comprises one or more amino acid substitutions

selected from the group consisting of F116, L135, §174, §176, and T178 (all EU numbering). In certain
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embodiments, the amino acid substitutions result in steric complementarity. In cortain embodiments, the

amino acid substitutions result in conformational complementanity.

[0215]  In certain embodiments, the CHI domain of H1 of the multispecific antigen-binding protein
comprises (such as consists of or consists essentially of) one or more amino acid substitutions selected
from the group consisting of: A141, F170, and 5181 (all EU numbering}. In certain embodiments, the
CL domain of Llof the multispecific antigen-binding protein comprises one or more amino actd
substitutions selected from the group congsisting of F116, 1,135, 8174, 5176, and T178 {(all EU
numbering). In certamn embodiments, the amino acid substitutions result in steric complementarity. Io

certain embodiments, the amino acid substitutions result in conformational complementarity.

{6216]  In certam cmbodiments, the CH1 domain of HI of the multispecific antigen-binding protein
comprises (such as consists of or consists essentially of) one or more amino acid subsututions selected
from the group consisting of: F170, §181, 5183, and V185 (all EU numbering}. In certain embodiments,
the CL domain of L1of the multispecific antigen-binding protein comprises one or more amino acid
substitutions selected from the group consisting of L1335, 5174, 5176, and T178 (all EU nwbering). In
certain embodiments, the anmino acid substitutions result in steric complementanty. In certain

embodiments, the anuno acid substitutions result in conformational complementarity.

{0217]  In certain crbodiments, the CH1 domain of H1 of the multispecific antigen-binding protein
comprises (such as consists of or consists essentially of) one or more anminoe acid substitutions selected
from the group consisting oft A141, F170, S183, and V185 (all EU numbering}. In certain crmbodiments,
the CL domain of Llof the multispecific antigen-binding protein comprises one or more aming acid
substitutions sclected from the group consisting of F116, 8174, 8176, and T178 (all EU numbering). In
certain embodiments, the amino acid substitutions result in steric complementanity. In certain

embodiments, the amino acid substitutions result in conformational complementanty.

{0218]  In certam embodiments, the CH1 domain of HI of the multispecific antigen-bindmg protein
comprises (such as consists of or consists essentially of} one or more aming acid substitutions selected
from the group consisting of. A141, F170, 5181, and V185 {all EU numbering}. ko certain embodiments,
the CL domain of L.1of the multispecific antigen-binding protein comprises one or more amino acid
substitutions selected from the group consisting of F116, 1135, S176, and T178 (all EU numbenng}. In

certain embodiments, the amino acid substitutions result in steric complementarnity. In certain

embodiments, the amino acid substitutions result in conformational complementarity.

{8219]  In certam embodiments, the CHI domain of H1 of the multispecific antigen-binding protein
comprises (such as consists of or consists essentially of) one or morg amino acid substititions selected

from the group consisting of A141, F170, 8181, and S183 (all EU numbering). In certain embodiments,
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the CL domain of L1of the multispecific antigen-binding protein comprises one or more amino acid
substitutions selected from the group consisting of F116, 1135, §174, and 5176 {all EU numbering). In
certain embodiments, the anino acid substitutions result in steric complementanty. In certain

embodiments, the amino acid substitutions result in conformational complementarity.

[0226]  In certain embodiments, the CHI domain of HI of the multispecific antigen-binding protein
comprises (such as consists of or consists essentially of) the aming acid substitution F170 (EU
numbering). In certain embodiments, the CL domain of Llof the multispecific antigen-binding protein
comprises one or more anuno acid substitutions selected from the group consisting of F116, L1335, 5176,
and T178 (all EU numbering). In certain embodiments, the amino acid substitutions result in steric
complementarity. In certain embodiments, the anmino acid substitutions result in conformational

complementarity.

[0221]  In certain embodiments, the CH1 domain of H1 of the multispecific antigen-binding protein
comprises (such as consists of or congists essentially of} one or more aming acid substitutions selected
from the group consisting of: A141 F170, and V1853 (EU numbering}. In certain emboduments, the CL
domain of L1of the multispecific antigen-binding protein comprises one or more amino acid substitutions
selected from the group consisting of F116 and S176 mutations (all EU numbering). In certain

embodiments, the amino acid substitutions result in conformational complementarity.

{0222]  In certam embodiments, the CHI domain ot H1 of the multispecific antigen-binding protein
comprises (such as consists of or consists essentially of) one or more amine acid substitutions selected
from the group cousisting of: Al141, F170, and 5183 {(EU numbering). In certain embodiments, the CL
domain of L iof the multispecific antigen-binding protein comprises one or more amino acid substitutions
selected from the group consisting of F116 and 5176 mutations (all EU numbening). In certain

embodiments, the amino acid substitutions result in conformational complementanty.

{0223]  In certam embodiments, the CH1 domain of HI of the multispecific antigen-bindmg protein
comprises (such as consists of or consists essentially of} one or more aming acid substitutions selected
from the group consisting of: F170 and V185 (EU numbering). In certain embodiments, the CL domain
of Liof the multispecific antigen-binding protein comprises one or more amino acid substitutions
selected from the group consisting of F116 and $176 mutations (all EU numbering). In certain

embodiments, the amino acid substitutions result in conformational complementarity.

{0224]  In certain embodiments, the CHI domain of H1 and CL domain of L1 of the multispecific
antigen-binding protein are altered so that within the CHY/CL interface , one or more amino acid residues
of the CH1 domain are replaced with an equivalent number of amino acid residucs, some or all having a

larger side chain volume, thereby generating a protuberance on the surface of the CHI domam, and one

68



WO 2016/172485 PCT/US2016/028850

or more aning acid residues of the CL domain are replaced with an equivalent number of amino acid
residucs, some or all having a smaller side cham volume, thereby generating a cavity on the surface of the
CL domain. In certain embodiments, the modifications on the CHI and CL domains provide steric
complementarity at the CHI/CL interface. In certain embodiments, the modifications on the CHI and

CL domains provide conformational complementarity at the CHV/CL interface.

{6225]  In certain embodiments, the CHI domain of HI and the CL domain of L1 of the multispecific
antigen-binding protein are altered so that within the CHI/CH interface, one or more amino acid residues
of the CL domain are replaced with an cquivalent number of amino acid residues, some or all baving a
larger side chain volume, thereby generating a protuberance on the surface of the CL domain, and one or
more amingo acid residues of the CHI domain are replaced with an equivalent number of amimo acid
residues, some or all having a smaller side chain vohume, thereby generating a cavity on the surface of the
CHI domain. In certamm cmbodiments, the one or more substituted amino acid residucs of the CL domain
coraprise $176. In certain embodiments, the one or more substituted amino acid residues of the CHI
domain comprise F170. In certain embodiments, the modifications on the CHI and CL domains provide
sterie complementarity at the interface. In certain embodiments, the modifications on the CH1 and CL

domains provide conformational complementanity at the imterface.

{6226]  In certain embodiments, the CHI domain of Hlcomprises an aming acid substitution selected
from the group consisting of F170S and F170A (EU numbering), and wherein the CL domain of L1

comprises an amine acid substitution selected from the group consisting of S176F (EU numbering).

102271  In certain embodiments, the CHI domain of HI comprises the F1705 mutation (EU
numbering ), and the CL domain of L1 comprises the $176F mutation (EU numbering). In certain
embodiments, the CHI domain of HI comprises the F170A mutation (EU numbenng), and the CL

L)

domain of L1 comprises the S176F mutation (EU numbering).

{0228]  In certain embodiments a multispecific antigen-binding protein comprises a CHI domain of Hi
comprising {including consisting of and consisting essentially of) A141L F1708, S181M, $183V, and
V185A mutations {(EU numbering), and a CL domain of L1 compnsing {including consisting of or
consisting essentially of) F116A, V1331 L1335V, S162M, S174A, S176F, and T178V mutations (EU

numbering).

{02291  In certam crmbodiments a multispecific antigen-binding protein comprises 2 CHI domain of Hi
comprising {(including consisting of and consisting essentially of) A1411, F170S, S181M, 81834 and
V185A mutations {EU numbering) and a CL domain of 1.1 comprising (including consisting of or
consisting essentially ofy F116A, 51310, L1355V, 51624, S174A, S176F, and T1781 suytations (EU

numbering).
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[0233]  In certain embodiments a multispecific antigen-binding protein comprises a CH1 domain of HI
comprising {(including consisting of and consisting esscntially ofy A1411, F1708, SI81M, S183A, and
V185A mutations (EU numbering) and a CL domain of L1 comprismg (includimg consisting of or
consisting essentially ofy F116A, L135V, §174A, 5176F, and T178VY mutations (EU numbering). I
certain embodiments a multispecific antigen-binding protein comprises a CH1 domain of H1 consisting
of (such as consisting essentially of) A141L F1708, S181M, S183A, and V185A mutations (EU
numberning) and a CL domain of L1 consisting of (such as consisting essentially of) F116A, L135V,

S174A, 5176F, and T178Y mutations (EU numbenng).

[0231]  In certain embodiments a multispecific antigen-binding protein comprises a CHI domam ot Hi
comprising {including consisting of and consisting essentially of) A141L F17GA, SI81IM, 5183V, and
V185A mutations {(EU numbering) and a CL domain of L1 comprising (including consisting of or
consisting essentially of) F116A, L1355V, S162M, S174A, S176F, and T178Y mutations {(EU

numbering).

[0232]  In certain embodiments a multispecific antigen-binding protein compriscs 2 CHI domain of Hi
comprising (including consisting of and consisting essentially of) F1708, S181M, S183A, and VI85SA
mutations (EU numbering) and a CL domain of L1 comprising (including consisting of or consisting

gssentially of) L135V, 8174A, S176F, and T178V mutations (EU numbering).

[0233]  In certain embodiments a multispecific antigen-binding protemn compriscs a CHI domain of HI
comprising {including consisting of and consisting essentially of) A141L F1708, S183A, and VI83A
mutations (EU mumbering) and a CL domain of L1 comprising {including consisting of or consisting

cssentially of) F116A, S174A, S176F, and T178V mutations (EU numbering}.

[0234]  In certain embodiments a multispecific antigen-binding protein comprises a CH1 domain of Hl
comprising {(including consisting of and consisting essentially ofy A141L F1708, S181M, and VI85A
mutations (EU numbering) and a CL domain of L1 comprising (ncluding consisting of or consisting

essentially of) F116A, L1353V, 8176F, and T178V mutations (EU numberning}.

[0235]  In certain embodiments a multispecific antigen-binding protein comprises a CHI domam ot H1
comprising {including consisting of and consisting essentially of} A141], F1708, S181M, and S183A
mutations (EU numberning} and a CL domain of L1 comprising (including consisting of or consisting

essentially of) F116A, L1335V, S174A, and 5176F mutations (EU numbering).

[0236] In certain embodiments a multispecific antigen-binding protein comprises a CH1 domain of Hi
comprising {including consisting of and consisting essentiallv of) F1708, 8183 A, and VI85A mutations
{EU numbenng) and a CL domain of L1 comprising (including consisting of or consisting essentially of)

FI116A, S176F, and T178V mutations {EU numbering).
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[0237]  In certain embodiments a multispecific antigen-binding protein comprises a CH1 domain of HI
comprising {including consisting of and consisting essentiallv of) F1708, S181M, and VI185A mutations
{EU numbenng) and a CL domain of L1 comprising (including consisting of or consisting essentially of)

F116A, L135V, and S176F mutations {EU numbering).

[0238]  In certain embodiments a multispecific antigen-binding protemn compriscs a CHI domain of HI
comprising {including consisting of and consisting essentially of) F1705, S181M, and S183A mutations
(EU numbering} and a CL domain of L1 comprising {including consisting of or consisting essentially of)

F116A and S176F mutations {(EU numbering}.

16239}  In certain embodiments a multispecific antigen-binding protein comprises a CH1 domain of Hl
comprising (including consisting of and consisting cssentially ofy A141L F1708, and V185A vuutations
(EU numbering} and a CL domain of L1 comprising (including consisting of or consisting essentially of)

F116A and S176F mutations.

[0248]  In certain embodiments a multispecific antigen-binding protein comprises a CHI domam ot Hl
comprising {including consisting of and consisting essentially of) A141], F1708, and S183A muotations
{EU numbering} and a CL domain of L1 comprising (incloding counsisting of or consisting essentially of}

F116A and S176F mutations.

[0241]  In certain embodiments a multispecific antigen-binding proten comprises a CH1 domain of Hl
comprising {including consisting of and consisting essentially of) A1411, Fi705, and 5181 M mutations
{(EU numberning) and a CL domain of L1 comprising (including counsisting of or consisting essentially of}
F116A, L1385V, S174A, S176F, and T178V mutations EU numbering). In certamn embodiments, the VL
domain of L1 the multispecific antigen-binding protein comprises a Q38K substitution mutation (Kabat
numbering ), the VH domain of H1 of the multispecific antigen-binding protein comprises a Q39K
substitution mutation {(Kabat numbering), the VL domain of L2 of the multispecific antigen-binding
protein comprises a Q38E substitution mutation (Kabat nurnbering}, and the VH domain of H2 of the
multispectfic antigen-binding protein comprises a Q39K substitution mutation {Kabat numbering). In
certain embodiments, the VL domain of L1 the multispecific antigen-binding protein comprises a Q38E
substitution mutation {Kabat numbering}, the VH domain of Hi of the multispecific antigen-binding
proten comprises a Q39K substitution mutation (Kabat numbering), the VL domain of L2 of the
multispecific antigen-binding protein comprises a Q38K substitution mutation (Kabat numbering), and
the VH domain of HZ of the multispecific antigen-binding protein comprises a (339E substitution

mutation {Kabat numbering).

6242} I certain embodiments a multispecific antigen-binding protein comprises a CH1 domain of Hl

comprising (including consisting of and consisting cssentially of) F170S and V185A mutations (EU
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numbenng) and a CL domain of L1 comprising (including consisting of or consisting cssentially of)

F116A and S176F mutations.

6243} In certain embodiments a multispecific antigen-binding protein comprises a CH1 domain of
H1 comprising (including consisting of and consisting cssentially of) A1411 and F1708 mutations (EU
numbering) and a CL domain of L1 compnising {including consisting of or consisting essentially of)
FII6A, 135V, S174A, S176F, and T178V mutations (EU numbering). In certain embodiments, the VL
domain of L1 the multispecific antigen-binding protein comprises a (338K substitution mutation (Kabat
numbering), the VH domain of H1 of the multispecific antigen-binding protein comprises a Q39K
substitution mutation {Kabat numbermg), the VL domain of L2 of the multispecific antigen-binding
protein comprises a (38E substitution mutation (Kabat numbering}, and the VH domain of H2 of the
multispecific antigen-binding protein comprises a Q39K substitution mutation {Kabat numbering). In
certain embodiments, the VL domain of L1 the multispecific antigen-binding protein comprises a Q38E
substitution mutation (Kabat numbening), the VH domain of Hi of the multispecific antigen-binding
protein comprises a Q39K substitution mutation (Kabat numbering), the VL domain of L2 of the
multispecific antigen-binding protein comprises a {P38K substitution mutation {Kabat numbering), and
the VH domain of HZ of the multispecific antigen-binding protein comprises a (339E substitution

mutation {Kabat numbering).

{8244]  In certamn embodiments a multispecific antigen-binding protein comprises a CH1 domain of Hi
comprising (including consisting of and consisting cssentially ofy A 1411 and F1708 nwutations (EU
numbernng) and a CL domain of L1 comprising (including consisting of or consisting essentially of)

Fl116A, L1335V, S176F, and T178Y mutations (EU numbering}.

[0245]  In certain embodiments a multispecific antigen-binding protein comprises a CHI domain ot H1
comprising {including consisting of and consisting essentially of) A1411 and F1705 mutations (EU
numbenng) and a CL domain of L1 comprising (including consisting of or consisting cssentially of)

FLI16A, L135V, S174A, and S176F mutations (EU numbering).

[0246]  In certain embodiments a multispecific antigen-binding proten comprises a CH1 domain of HI
comprising {(including consisting of and consisting esscuntially ofy A1411 and F170S mutations (EU
numbering) and a CL domain of L1 compnising {(including consisting of or consisting essentially of)

FI116A, S176F, and T178V mutations {EU numbering).

0247}  In certain embodiments a multispecific antigen-binding protemn compriscs a CHI domain of HI
comprising {including consisting of and consisting essentially of} A1411and F170S mutations (EU
numbering) and a CL domain of L1 comprising {including consisting of or consisting essentially of}

F1I6A, L135Y, and 5176F mutations (EU numbering).
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[0248]  In certain embodiments a multispecific antigen-binding protein comprises a CH1 domain of HI
comprising {(including consisting of and consisting esscuntially of) A141} and F170S mutations (EU
numberning) and a CL domain of L1 comprising (including consisting of or consisting essentially of)

Fl16Aand S176F mutations (EU numbering).

[0249]  In certain embodiments a multispecific antigen-binding protemn compriscs a CHI domain of HI
comprising {including consisting of and consisting essentially of) an F1708 mutation (EU munbering},
and a CL domain of L1 comprising (including consisting of or consisting essentially of) F116A, L1335V,
S1744A, S176F, and T178Y mutations (EU numbering). In certain embodiments, the YL domain of L1 the
multispectfic antigen-binding protein comprises a Q38K substitution mutation (Kabat numbering), the
VH domain of H1 of the multispecific antigen-binding protein comprises a Q39E substitution muutation
{Kabat numbering}, the VL domain of L2 of the multispecific antigen-binding protein comprises a Q38E
substitution mutation {Kabat numbering). and the VH domain of H2 of the multispecific antigen-binding
protein comprises a Q39K substitution mutation (Kabat numbering). In certain embodiments, the VL
domain of L1 the multispecific antigen-binding protein comprises a 338E substitution mutation (Kabat
numbering ), the VH domain of H1 of the multispecific antigen-binding protein comprises a Q39K
substitution mutation (Kabat numbering}, the VL domain of L2 of the multispecific antigen-binding
protein comprises a Q38K substitution mutation (Kabat numbering), and the VH domain of H2 of the

multispecific antigen-binding protein comprises a Q39F substitution mutation (Kabat numbernng).

i0236]  In certain embodiments a multispecific antigen-binding protein comprises a CH1 domain of H1
comprising (includimg consisting of and consisting essentially of) an F170S mutation (EU numbering),
and a CL domain of L1 comprising (including consisting of or consisting essentially of) F116A, L1335V,

S176F, and T178V mutations (EU numbering).

[0251]  In certain embodiments a multispecific antigen-binding proten comprises a CH1 domain of Hl
comprising {including consisting of and consisting essentially of} an F170S mutation (EU numbering}
and a CL domain of L1 comprising (including consisting of or consisting cssentially of) F116A, L1353V,

81744, and S176F mutations (EU numbering).

02521 In certain embodiments a multispecific antigen-binding protein compriscs 2 CHI domain of Hi
comprising {(including consisting of and consisting essentially of) an F1708S mutation (EU numbering)
and a CL domain of L1 comprising (including consisting of or consisting essentially of) F116A, S176F,

and TH78Y mutations {EU numbering}.

[3283]  In certain embodiments a multispecific antigen-binding protein comprises a CH1 domain of Hl

comprising {including consisting of and consisting cssentially of} an F1705 mutation {EU mumbering)
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and a CL domain of L1 comprising (including consisting of or consisting cssentially of} F116A, L1335V,

and $176F mutations (EU numbering).

[0254]  In certain embodiments a multispecific antigen-binding protein comprises a CH1 domain of HI
comprising {(including consisting of and consisting esscuntially of} an F170S mutation (EU numbering)
and a CL. domain of L1 comprising (including consisting of or consisting essentially of) F116A and

S5176F mutations {EU numbering}.

[0255] In certain embodiments a multispecific antigen-binding protein comprises CHI domain of Hi
comprising no more than 1, no more than two, no more than three, no more than four, or no more than
five amine acid mutations selected from the group consisting oft A141L F1708, S181M, §183V, and

Y185 A mutations (EU numbering).

10256]  In certain embodiments a multispecific antigen-binding protein comprises CH1 domain of HI
comprising no more than one, no more than two, no more than three, no more than four, or no more than
five amino acid mutations selected from the group consisting of: A1411, F1708, S181M, S183A, and
V185A mutations (EU numbering).

[0287]  In certain embodiments a multispecific antigen-binding protein comprises CHI domain of Hi
congsisitimg of no more than one, no more than two, no more than three, no more than four, or no more
thar five amino acid mutations selected from the group consisting of: A1411 F1705, S181M, 5183A, and

V185A mutations {EU numbering).

[0238]  In certain embodiments a multispecific antigen-binding protein comprises CH1 domain of Hi
comprising no morg than ong, no more than two, no more than three, no more than four, or no more than
five anino acid mutations sclecied from the group consisting of: A141L FI170A, S181M, 5183V, and

V185A mutations (EU numbenng).

[0259]  In certain embodiments a multispecific antigen-binding protein comprises a CL domain of L1
comprising no more than one, no more than two, no more than three, no more than four, no more than
five, no more than six, or no more than seven amino acid mutations sclected from the group consisting of!

FI116A, V1331, L1335V, S162M, 5174A. S176F, and T178V mutations {EU numbering).

[3268]  In cortain embodiments a multispecific antigen-binding protein comprises a UL domain of L1
comprising no more than one, no more than two, no more than theee, no more thas four, no more than
five, no more than six, or no more than seven amino acid mutations sclected from the group consisting of

FI16A, S131D, L135V, 81624, S174A, S176F, and T1781 mutations (EU numbering).

0261}  In certain embodiments a multispectfic antigen-binding protein comprises a CL domain of 1.1

comprising no more than one, no more than two, no more than three, no more than four, or no more than
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five amino acid mutations selected from the group consisting of! F116A, L1335V, §174A, §176F, and

T178Y mutations (EU numbering).

[0262]  In certain embodiments a multispecific antigen-binding protein comprises a CL domain of L1
consisting of no more than one, no more than two, no more than three, no more than four, or no more
than five amino acid mutations selected from the group consisting oft FI16A, Li33V, S174A, §176F,

and T178Y mutations {(EU numbering}.

[0263]  In certain embodiments a multispecific antigen-binding protemn comprises a CL domain of L]
comprising no more than one, no more than two, no more than three, no more than four, no more than
five, or no more than six amino acid mutations selected from the group consisting of: F116A, L135V,

S162ZM, 51744, S176F, and T178V mutations {EU numbering).

[0264]  All possible pair-wise combinations of CH1 domains and L1 domains described above are

contemplated.

10265]  In certain embodiments, the multispecific antigen-binding protein comprises a kappa hight
chain. In certain embodiments, the multispecific antigen-binding protein comprises a first light chain
polvpeptide L1 comprising a CL domain as set forth in any of SEQ 1D Nos: 17-27. The CL domain as
set forth in SEQ 1D NO: 54 corresponds to amino acids 11-116 of SEQ 1D NOs: 17-27. Accordimgly, L1
may comprise a CL domain comprising amingc acids 11-116 as set forth 1o any of SEQ 1D Nos: 17-27. In
certain embodiments, the multispecific antigen-binding protein comprises a CL domain of L1 comprising
the amino acid sequence set forth in SEQ D NO: 17 or the amino acids 11-116 in the sequence set forth
m SEQ D NG 17, In certaimn embodiments, the muitispecific antigen-binding protein comprises a CL
domain of L1 comprising the amino acid sequence set forth in SEG 1D NO: 18 or the aming acids 11-116
1 the sequence set forth in SEQ 1D NO: 18, In certain embodiments, the multispecific antigen-binding
protein comprises a CL domain of L1 comprising the amino acid sequence set forth in SEQ ID NG: 19 or
the amino acids 11-116 in the sequence set forth in SEQ 1D NO: 19, In certain embodiments, the
multispecific antigen-binding protein comprises a CL domain of L1 comprising the amino acid sequence
set forth in SE 1D NG: 20 or the amino acids 11-116 in the sequence set forth in SEQ 1D NG: 20, In
certain embodiments, the multispecific antigen-binding protein comprises a CL domain of L. comprising
the amino acid sequence set forth m SEQ 1D NO: 21 or the amino acids 11-116 in the sequence set forth
i SEQ ID NG 21, In certam embodiments, the multispecific antigen-binding protein comprises a CL
domain of L1 comprising the amino acid sequence set forth in SEQ 1D NG 22 or the amino acids 11-116
1 the sequence set forth in SEQ 1D NO: 22, In certain embodiments, the multispecific antigen-binding
protein comprises a CL domain of L1 comprising the amino acid sequence set forth in SEQ ID NG: 23 or
the amino acids 11-116 in the sequence set forth in SEQ 1D NO: 23, In certain embodiments, the

multispecific antigen-binding protein comprises a CL domain of L1 comprising the amino acid sequence
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set forth in SE 1D NG: 24 or the amino acids 11-116 1n the sequence set forth in SEQ ID NG 24, In

certain embodiments, the multispecific antigen-binding protein comprises a CL domain of L. comprising

the amino acid sequence set forth m SEQ 1D NO: 25 or the amino acids 11-116 in the sequence set forth

n SEQ ID NG 25, In certam embodiments, the multispecific antigen-binding protein comprises a CL

domain of L1 comprising the amino acid sequence set forth in SEQ 1D NG 26 or the amino acids 11-116

1 the sequence set forth in SEQ 1D NO: 26. In certain embodiments, the multispecific antigen-binding

protein comprises a CL domain of L1 comprising the amino acid sequence set forth in SEQ ID NG: 27 or

the amino acids 11-116 in the sequence set forth in SEQ ID NG: 27

[0266]

In certain embodiments, the mutispecific antigen-binding protein comprises a lambda light

chain. In certain embodiments, the the multispecific antigen-binding protein comprises a CL domain of

L1 compnsing the amino acid sequence set forth in SEQ D NG 127,

16267

is kappa LT unless indicated otherwise):

The amino acid sequences of SEQ ID NQOs: 17-27 and 127 are provided in Table 5 below (LC

SEQ ID NO: 127

Table 8§
¥s08 LC GQGTKVEIKR TVAAPSVAIF PPSDEQLKSG TASVICVLNN FYPREAKVOQW KVDNALQSGN
SEQ ID NO: 17 SQEMVTEQDS KDSTYALFSV LTLSKADYEK HKVYACEVTH QGLSSPVTKS FNRGEC
¥sl8 LC GQGTKVEIKR TVAAPSVAIF PPSDEQLKSG TADVVCVLNN FYPREAKVOQW KVDNALQSGN
SEQ ID NO: 18 SQEAVTEQDS KDSTYALFSI LTLSKADYEK HKVYACEVTH QGLSSPVTKS FNRGEC
¥YT65 LC kappa GOGTKVEIKR TVAAPSVAIF PPSDEQLKSG TASVVCVINN FYPREAKVOW KVDNALQSGN
SEQ ID NO: 19 SQESVTEQDS KDSTYALFSV LTLSKADYEK HKVYACEVTH QGLSSPVTKS FNRGEC
¥T65.1 LC GOGTKVEIKR TVAAPSVFIF PPSDEQLKSG TASVVCVINN FYPREAKVOW KVDNALQSGN
SEQ ID NO: 20 SQESVTEQDS KDSTYALFSV LTLSKADYEK HKVYACEVTH QGLSSPVTKS FNRGEC
¥T65.2 LC GQGTKVEIKR TVAAPSVAIF PPSDEQLKSG TASVVCLLNN FYPREAKVOQW KVDNALQSGN
SEQ ID NO: 21 SQESVTEQDS KDSTYALFSV LTLSKADYEK HKVYACEVTH QGLSSPVTKS FNRGEC
¥T65.3 LC GQGTKVEIKR TVAAPSVAIF PPSDEQLKSG TASVVCVLNN FYPREAKVOW KVDNALQSGN
SEQ ID NO: 22 SQESVTEQDS KDSTYSLESV LTLSKADYEK HKVYACEVTH QGLSSPVTKS FNRGEC
¥T65.4 LC GOGTKVEIKR TVAAPSVAIF PPSDEQLKSG TASVVCVINN FYPREAKVOW KVDNALQSGN
SEQ ID NO: 23 SQESVTEQDS KDSTYALFST LTLSKADYEK HKVYACEVTH QGLSSPVTKS FNRGEC
¥T65.5 LC GOGTKVEIKR TVAAPSVAIF PPSDEQLKSG TASVVCLINN FYPREAKVOW KVDNALQSGN
SEQ ID NO: 24 SQESVTEQDS KDSTYSLESV LTLSKADYEK HKVYACEVTH QGLSSPVTKS FNRGEC
¥YT65.6 LC GOGTKVEIKR TVAAPSVAIF PPSDEQLKSG TASVVCVINN FYPREAKVOW KVDNALQSGN
SEQ ID NO: 25 SQESVTEQDS KDSTYSLEST LTLSKADYEK HKVYACEVTH QGLSSPVTKS FNRGEC
¥YT65.7 LC GQGTKVEIKR TVAAPSVAIF PPSDEQLKSG TASVVCLLNN FYPREAKVOQW KVDNALQSGN
SEQ ID NO: 26 SQESVTEQDS KDSTYSLEST LTLSKADYEK HKVYACEVTH QGLSSPVTKS FNRGEC
¥T34 LC GQGTKVEIKR TVAAPSVAIF PPSDEQLKSG TASVVCVLNN FYPREAKVOW KVDNALQSGN
SEQ ID NO: 27 SQEMVTEQDS KDSTYALFSV LTLSKADYEK HKVYACEVTH QGLSSPVTKS FNRGEC
¥YT65 lambda GOPKAAPSVA LFPPSSEELQ ANKATLVCVI SDFYPGAVTV AWKADSSPVK AGVETTTPSK
QSNNKYAAFS VLSLTPEQWK SHKSYSCQVT HEGSTVEKTV APTECS
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[3268]  Amino acid positions 116, 118, 131, 133, 135, 162, 164, 174, 176, and 178 in CL (EU
numbering) correspond to aming acid positions 18, 20, 33, 35,37, 64, 66, 756, 78, and 80 in SEQ 1D NOs:
17-27, respectively. Amino acid positions 116, 118, 131, 133, 135, 162, 164, 174, 176, and 178 (EU
numberning) in the CL domain of a kappa chain correspond to amino acid positions 116, 118, 131, 133,
135,162, 164, 174, 176, and 178 (Kabat numbering} in the CL domain of a lambda hght chain. Aming
acid positions 116, 118, 131, 133, 135,162, 164, 174, 176, and 178 (Kabat numbering) in the CL domain
of a lambda light chain correspond to amino acid positions 10, 12, 25, 27, 29, 56, 59, 67,69, and 71 in

SEQ ID NG: 127, respectively.

[0269]  In certain embodiments, the multispecific antigen-binding protein comprises an IgG1l, lg(G2,
12G3, or IgG4 heavy chain. In certain embodiments, the multispecific antigen-binding protein comprises
a CH1 domain of H1 comprising the amino acid sequence set forth in SEQ ID NG: 28, In certain
embodiments, the multispecific antigen-binding protein comprises a CHI domain of HI comprising the
amino actd sequence set forth 1 SEQ 1D NG 29, In certain embodinments, the nwultispecific antigen-
binding protein comprises a CHU domain of H1 comprising the amino acid sequence set forth in SEQ ID
NG: 31, In certain embodiments, the multispecific antigen-binding protein comprises a CH1 domain of
H1 comprising the amino acid seqoence set forth in SEQ D NO: 32, In certain embodiments, the
multispecific antigen-binding protein comprises a CH1 domain of H1 comprising the amino acid
sequence set forth in SEQ 1D NG: 33, In cortain embodiments, the multispecific antigen-binding protein
comprises a CHI domam of H1 comprising the amino acid sequence set forth in SEQ IDNO: 34, In
certain embodiments, the multispecific antigen-binding protein comprises a CH1 domain of Hi
comprising the amino acid sequence set forth in SEQ 1D NO: 35, In certain embodiments, the
multispecific antigen-binding protein comprises a CH1 domain of Hl comprising the amino acid
sequence set forth in SEQ 1D NO: 36, In certain embodiments, the multispecific antigen-binding protem
comprises a CHI domain of HI comprising the amino acid sequence set forth in SEQIDNG: 37 In
certain embodiments, the multispecific antigen-binding protein comprises a CH1 domain of Hi
comprising the amino acid sequence set forth in SEQ 1D NG: 38, In certain embodiments, the
multispectfic antigen-binding protein comprises a CHI domain of Hl comprising the amino acid
sequence set forth in SEQ ID NO: 39, In certain embodiments, the muddtispecific antigen-binding protein
comprises a CHI domain of H1 comprising the amino acid sequence set forth in SEG ID NG 40, In
certain embodiments, the multispecific antigen-binding protein comprises a CHI domain of Hi
comprising the amino acid sequence set forth in SEQ ID NO: 41, In certain embodiments, the
multispecific antigen-binding protein comprises a CHI domain of Hl comprising the amino acid
sequence set forth in SEQ 1D NO: 42, In certain embodiments, the multispecific antigen-binding protemn

comprises a CH1 domain of H1 comprising the amino acid sequence set forth in SEQID NG 43, In

77



WO 2016/172485

PCT/US2016/028850

certain embodiments, the multispecific antigen-binding protein comprises a CHI domain of Hi

comprising the amino acid sequence sct forth in SEQ 1D NO: 44 In certain embodiments, the

multispecific antigen-binding protein comprises a CHI domain of Hl comprising the amino acid

sequence set forth in SEQ ID NO: 103 In cortamn embodiments, the multispecific antigen-binding

protein comprises a CHI domain of H1 comprising the amino acid sequence set forth 1 SEQ 1D NO:

104. In certain embodiments, the multispecific antigen-binding protein comprises a CHI domain of Hi

comprising the ammo acid sequence set forth in SEQ 1D NO: 105,

The amino acid scquences of SEQ 1D NUs: 28-44 are provided in Table 6 below (HC 15 of 1gG1 tsotype

unless indicated otherwise}:

Table 6
YS08 HC
TKGPSVFPLA PSSKSTSGGT AILGCLVKDY FPEPVTVSWN SGALTSGVHT SPAVLOSSGL
SEQ ID NO: 28 YMLVSAVTVP SSSLGTQTYI CN
YS18 HC/ YT65 HC
1961 TKGPSVFPLA PSSKSTSGGT AILGCLVKDY FPEPVTVSWN SGALTSGVHT SPAVLOSSGL
YMLASAVTVP SSSLGTQTYI CN
SEQ ID NO: 29
YS18 HC/ YT65 HC
1gG2 TKGPSVFPLA PCSRSTSEST AILGCLVKDY FPEPVTVSWN SGALTSGVHT SPAVLOSSGL
YMLASAVTVEP SSNFGTQTYT CN
SEQ ID NO: 103
YS18 HC/ YT65 HC TKGPSVFPLA PCSRSTSGGT AILGCLVKDY FPEPVTVSWN SGALTSGVHT SPAVLOSSGL
1963 YMLASAVTVP SSSLGTQTYT CN
SEQ ID NO: 104
YS18 HC/ YT65 HC
1gG4 TKGPSVFPLA PCSRSTSEST AILGCLVKDY FPEPVTVSWN SGALTSGVHT SPAVLOSSGL
YMLASAVTVP SSSLGTKTYT CN
SEQ ID NO: 105
YT65.1 HC
TKGPSVFPLA PSSKSTSGGT AALGCLVKDY FPEPVTVSWN SGALTSGVHT SPAVLOSSGL
SEQ ID NO: 31 YMLASAVTVP SSSLGTQTYI CN
YT65.2 HC
TKGPSVFPLA PSSKSTSGGT AILGCLVKDY FPEPVTVSWN SGALTSGVHT SPAVLOSSGL
SEQ ID NO: 32 YSLASAVTVP SSSLGTQTYI CN
YT65.3 HC
TKGPSVFPLA PSSKSTSGGT AILGCLVKDY FPEPVTVSWN SGALTSGVHT SPAVLOSSGL
SEQ ID NO: 33 YMLSSAVTVP SSSLGTQTYI CN
YT65.4 HC
TKGPSVFPLA PSSKSTSGGT AILGCLVKDY FPEPVTVSWN SGALTSGVHT SPAVLOSSGL
SEQ ID NO: 34 YMLASVVTVP SSSLGTQTYI CN
YT65 .5 HC TKGPSVFPLA PSSKSTSGGT AALGCLVKDY FPEPVTVSWN SGALTSGVHT SPAVLOSSGL
‘ YSLASAVTVP SSSLGTQTYI CN
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SEQ ID NO: 35

YT65.6 HC TKGPSVFPLA PSSKSTSGGT AALGCLVKDY FPEPVTVSWN SGALTSGVHT SPAVLOSSGL
SEQ ID NO: 36 YMLSSAVTVP SSSLGTQTYI CN
YT65.7 HC

TKGPSVFPLA PSSKSTSGGT AALGCLVKDY FPEPVTVSWN SGALTSGVHT SPAVLOSSGL
SEQ ID NO: 37 YMLASVVTVP SSSLGTQTYI CN
YT65.8 HC

TKGPSVFPLA PSSKSTSGGT AILGCLVKDY FPEPVTVSWN SGALTSGVHT SPAVLOSSGL
SEQ ID NO: 38 YSLSSAVTVP SSSLGTQTYI CN
YT65.9 HC

TKGPSVFPLA PSSKSTSGGT AILGCLVKDY FPEPVTVSWN SGALTSGVHT SPAVLOSSGL
SEQ ID NO: 39 YSLASVVTVP SSSLGTQTYI CN
YT65.10 HC

TKGPSVFPLA PSSKSTSGGT AILGCLVKDY FPEPVTVSWN SGALTSGVHT SPAVLOSSGL
SEQ ID NO: 40 YMLSSVVTVP SSSLGTQTYI CN
YT65.11 HC

TKGPSVFPLA PSSKSTSGGT AALGCLVKDY FPEPVTVSWN SGALTSGVHT SPAVLOSSGL
SEQ ID NO: 41 YSLSSAVIVP SSSLGTQTYI CN
YT65.12 HC

TKGPSVFPLA PSSKSTSGGT AILGCLVKDY FPEPVTVSWN SGALTSGVHT SPAVLOSSGL
SEQ ID NO: 42 YSLSSVVTVP SSSLGTQTYI CN
YT65.13 HC

TKGPSVFPLA PSSKSTSGGT AALGCLVKDY FPEPVTVSWN SGALTSGVHT SPAVLOSSGL
SEQ ID NO: 43 YSLSSVVTVP SSSLGTQTYI CN
¥T34 HC TKGPSVFPLA PSSKSTSGGT AILGCLVKDY FPEPVTVSWN SGALTSGVHT APAVLOSSGL

YMLVSAVTVP SSSLGTQTYI CN

SEQ ID NO: 44

[0276]

Amino acid positions 141, 170, 181, 183, and 185 (EU numbering) in CHI correspond to

aming acid positions 22, 51, 62, 64, and 66 of SEQ ID NOs: 28-44 and 103-1035, respectively.

[0271]

All possible pair-wise combmations of SEQ ID NQs: 17-27 or amino acids 11-116 of SEQ 1D

Nos: 17-27 and 127with SE(} 1D NOs: 28-44 and 103-105 described above are contemplated. In certain
embodiments, specitic combinations of SEQ 1D NOs: 17-27 or amino acids 11-116 of SEQ ID Nos: 17-

27 and 127 with SEQ D NOs: 28-44 and 103-103 are contemplated. Such combinations include, but are

not limited to, those provided in Table 7 below:

Table 7
SEQ ID NOo: 28/ SEQ ID NO: 40 / SRO ID NO: 38/
SEQ ID NO: 17¥ SEGQ ID NO: 18* SEQ ID NO: 25%
YSOBHC/YSO8LC ¥T55. LOHC/YTESLC ¥T6% . 6HC/YTE5. 6LC
SEQ ID NO: 29/ SEQ ID NMO: 42/ SEQ ID NO: 32/
SEQ ID MO: 18% SEQ ID NO: 18* SEQ ID MO: 21%
¥S18HC/YS18LC ¥TE5 . L2HC/YTEELC YTE5 . 2HC/YTE5. 2LC
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SEQ ID NOo: 29/
SRG ID NO: 19¥
YTE5HC/YTE5LE
IgGl/kappa

SEQ ID MO: 43/
SEQ ID RO: 18%
YPES . L3HC/YTE5LC

SEQ ID NO: 43/
SEQ ID NO: 22%
YTE5. 13HC/YPES. 318

SEQ ID MO: 34/
SEQ ID RO: 23*
YTPES . 4HC/YTES. 4L.C

SEQ ID No: 44/
SEQ ID MO: 27
YTI4HC/VT34LC

SEQ ID MO: 37/
SEQ ID RO: 286%*
YPES . THC/YTES. TLC

SEQ ID RoO: 35/
SEQ ID NO: 24%*
YT55.5HC/YTES. BLL

8EQ ID NO: 31/
SEQ ID NO: 20%
¥TE5. IHC/YT65.1 LC

SEQ ID RoO: 33/
SEQ ID NO: 22%*
YT55.3HC/YTES. 3LL

SREQ ID NO: 42/
SEQ ID MO: 22
YT6S, 12HC/YTE5. 3LC

SEQ ID NO: 38/
SEQ ID No: 26
YT55.8HC/YTES. TLC

SEQ ID NO: 38/
SEQ ID MO: 26
YT65. 9HC/YTE5. TLC

SEQ ID NO: 41/
SEQ ID NO: 26
¥YT55. 11HC /YT65.7LC

SEQ ID NoO: 103/
SEQ I MO: 19
YTESHC/YTESLC
IgG2/kappa

SEQ ID MO: 104/
SEQ ID NO: 198
YTE5HC IgG3/YTE5LC
IgG3/kappa

SRO ID NO: 105/
SEQ ID WO: 19
¥TESHC/YTEELC
IgG4/kappa

SEQ ID NOo: 298/
SEQ ID NO: 127
YTE5HC/YTEELE
IgGL/lambda

SRO ID NO: 103/
SEQ ID NO: 127
¥TESHC/YTEELC
IgG2/kappa

SEQ ID NO: 104/
SEQ ID NO: 127
YTE5HC IgG3/YT65LE
IgG3/kappa

SEQ ID MO: 105/
SEQ ID NO: 127
YTESHC/YTERLC
IgG4/lambda

* or amino acids 11-116 of the corresponding sequence

[0272)  The first SEQ ID NO in cach pair in Table 7 refers to a CHI domain sequence, and the second

SEQ ID NO in each pair o Table 7 refers to a CL domain sequence.

102731  In a related aspect, provided is a multispecific antigen binding protein comprising: a) a first
heavy chain/light chain pair capable of binding a first antigen, the first heavy cham/hight chain pair
comprising a tirst heavy chain sequence (H1) and a first hight chain sequence (L.1), and b) a second heavy
chain/light chain pair comprising a second heavy chain sequence (H2) and a second light chain sequence
{L.2), wherem cach H1 and H2 comprises a heavy chain variable domain (VH} and a heavy chain constant
domain {CH1}, and cach L1 and L.2 comprises a light chain variable domain (VL) and a hight chain
constant domain {CL}; wherein the CHI domain of Hi and the CL domain of 1.1 of the multispecific
antigen-binding protein are altered so that within the CHI/CL interface, one or more amino acid residues
of the CH1 domain are replaced with an equivalent number of amino acid residucs, some having a larger
side chain volume and some having a smaller side chain volume, thereby generating a protuberance and a
cavity on the surface of the CHI domain, and one or more amino acid residues of the CL domain are
replaced with an equivalent number of amino acid residues, some having a smaller side chain volume and
some having a larger side chain volume, thereby generating a cavity and a protuberance on the surface of
the CL domain. In certain embodiments, the modifications on the CHI and CL domains provide steric

complementarity (such as conformational complementarity) at the interface.
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10274]  In certain embodiments, the CHI domain of H1 comprises an aming acid sobstitutions at
posttions L.128, and wherein the CL domain of L} compriscs an amine acid substitution at positions F118
and L1335 (EU numbering). In certain embodiments, the first antigen and the second antigen are the
same. In certain embodiments, the first heavy chai/hight chain pair and the second heavy chain/light
chain pair each bind to a different epitope on the same antigen. In certain embodiments, the first antigen
and the second antigen are different. In certain cmbodiments, the CH1 domain of H1 comprises an amino
acid substitutions at positions L128 and V1853 (EU numbering), and wherein the CL domain of L1
comprises an amino acid substitution at positions F118 and L135 (EU numbering). In certain
embodiments, the first antigen and the second antigen are the same. In certain embodiments, the first
heavv chain/tight chain pair and the second heavy chain/light chain pair each bind to a different epitope
on the same antigen. In certain embodiments, the first antigen and the second antigen are different.  In
certain embodiments, the CH1 domain of H1 of the multispecific antigen-binding protein further
comprises one or more amino acid substitutions selected from the group consisting oft Al41, F170, 5181,
and 5183 (all EU numbering). In certain cmbodiments, the CL domain of L1 of the multispecific
antigen-binding protein further comprises one or more amino acid substitutions selected from the group
conmsting of S131, V133, §162, 5176 and T178 (all EU numbering). In certain embodiments, the amino
acid substitations result in sterie complementarity (such as conformational complementarity) comparable
or greater than that of the wild-type sequences. fn certain embodiments, the CL domain of L1 of the
multispecific antigen-binding protein further comprises one or more amino acid substitutions selected

from the group consisting of S131, V133, 5162, T164, §176 and T178 (all EU numberng).

[0275]  In certain embodiments the multispecific antigen-binding protein comprises a CH1 domain of
HI compnsing (ncluding consisting of and consisting essentially of} one or more amino acid substitution
selected from F128, A141, F170, §181, and $183 (EU numbering). In certain embodiments the
multispecific antigen-binding protein comprises a CL domain of L1 comprising (including counsisting of
o1 consisting essentially of) one or more amino acid substitution selected from V118, S131, V133, 5135,
S162,T164, 5176 and T178 (EU numbenng). In certain embodiments, the amino acid substitutions result
in steric complementartty {such as conformational complementarity) comparable or greater than that of

the wild-type sequences.

[0276]  In certain embodiments the multispecific antigen-binding protein comprises a CHI domain of
H1 comprising (including consisting of and consisting essentially of) one or more amino acid substitution
selocted from F128, A141, F170, 5181, §183, and V135 (EU numbering). In certain embodiments the
multispecific antigen-binding protein comprises a CL domain of L1 comprising {(including consisting of
or consisting essentially of} one or more aming acid substitation selected from V118, 5131, V133, §135,

5162, T164, 8176 and T178 (EU numbering). In certain embodiments, the amino acid substitutions result
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in steric complementarity {such as conformational complementarity) comparable or greater than that of

the wild-type sequences.

102777  In certain embodiments the moltispecific antigen-binding protein comprises a CHI domain of
H1 comprising (ncluding consisting of and consisting cssentially of} one or more amino acid substitution
selected from F128, A141, F170, S181, 5183, and V185 (EU numbering). In certain embodiments the
multispecific antigen-binding protein comprises a CL domain of L1 comprising (inclading consisting of
or congisting essentially of) one or more amine acid substitotion selected from V118, 8131, V133, 5135,
S162, 8176 and T178 (EU numbering}. In certain embodiments, the amino acid substitutions result in
steric complementarnity (such as conformational complementarity) comparable or greater than that of the

wild-type sequences.

[0278]  In certain embodiments the multispecific antigen-binding protein comprises a CH1 domain of
H1 comprising (ncluding consisting of and consisting casentially of) LI128F, A141M, F170M, S181 and
S183A mutations (EU numbering) and a CL domain of LT comprising (including consisting of or
consisting essentially of) FHI8V, S131T, VI33A, L135Y, §162A, T1648, S176M, and T178L mutations
{EU numbering).

[027%]  In certain embodiments the multispecific antigen-binding protein comprises a CHI domain of
H1 comprising (including consisting of and consisting cssentially of) L128F, A141M, FIT0Y, 81811,
S183A, and VI85A mutations (EU numbering) and a CL domain of 1| comprising (including consisting
of or consisting essentially of) F118V, SI131TF, VI33A L133F, S162A ) S176A, and T178L mutations
{EU numbering).

[3286]  In certain embodiments the multispecific antigen-binding protein comprises a CHI domain of
H1 compnsing (including consisting of and consisting essentially of) LiZ8F, A141T, F170M, S181T,
S183A, and V1851 mutations (EU numbering} and a CL domain of L1 comprising (including consisting
of or consisting essentially of) F1I8V, SI131T, VI33A, L135F, 5162A, T1648, 1767, and T178L

mutations (EU nomberning},

[0281]  In certain embodiments the multispecific antigen-binding protein comprises a CH1 domain of
H1 comprising (ncluding consisting of and consisting casentially of} L128F, A141M, F170M, S181T,
and 5183A mutations (EU nombernng), and a CL domain of L1 comprising {including consisting of or
consisting essentially of) FI18Y, 5131, VI33A, L135F, S162M, T1645, S176M, and T178L mutations
{(EU numbering).

02821  In certain embodiments the multispectfic antigen-binding protein comprises CH1 domain of

H1 comprnising no more than one, no more than two, no more than three, no more than four, or no more
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than five amino acid mutations selected from the group consisting of: L128F, A141M, F170M, 51811

and $S183A mutations (EU numbenng).

[0283]  In certain embodiments a multispecific antigen-binding protein comprises CH1 domain of Hi
comprising no more than one, no more than two, no more than three, no more than four, no more than
five, or no more than six amino acid mutations selected from the group consisting oft L128F, A141M,

FI170Y, S1811, 81834, and V185A mutations (EU numbering).

[0284]  In certain embodiments a multispecific antigen-binding protein comprses CHI domain of Hi
comprising no more than one, no more than two, no more than three, no more than four, no more than
five, or no more than six amino acid mutations selected from the group consisting of L128F, A141T,

F170M, S181T, S183A, and V185L mutations (EU numbering).

[0285]  In certain embodiments a multispecific antigen-binding protein comprises CH1 domain of H
comprising no more than one, no more than two, no more than three, no more than four, or no more than
five amino acid mutations selected from the group consisting oft L128F, Al41M, FI70M, S181T, and

S18&3A mutations (EU numbering).

[0286]  In certain embodiments a multispecific antigen-binding protein comprises a CL domam of L1
comprising no more than one, no more than two, no more than three, no more than four, no more than
five, no more than six, no more than seven, or no more than gight amino acid mutations selected from the
group congisting of F118V_ S131T, VI33A, L135Y, S162A, T1648, S176M, and T178L mutations (EU

numbering).

{0287}  In certain embodiments a multispecific antigen-binding protein comprises a CL domain of L1
comprising no more than one, no more than two, no more than three, no more than four, no more than
five, no more than six, or no more than seven amino acid mutations sclected from the group consisting of:

FII8Y SI3IT, VI33A, LI35F, 81624, S176A, and T178L mutations (EU mumbering).

[0288]  In certain embodiments a multispecific antigen-binding protemn compriscs a CL domain of L]
comprising no more than one, no more than two, no more than three, no more than four, no more than
five, no more than six, no more than seven, or no more than cight amino acid mutations selected from the
group consisting of! F1I8V, SI1317T, VI33A, L135F, S162A, T1648, S1767T, and T178L mutations (EU

numbering).

[0289]  In certain embodiments a multispectfic antigen-binding protein comprises a CL domain of L1
comprising no more than one, no more than two, no more than three, no more than four, no more than

five, no more than six, no more than seven, or no more than gight amino acid mutations selected from the
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group consisting of: F118V, S1317T, V1334, L135F, S162M, T1645, S176M, and T178L mutations (EU

numbering).

[0288]  All possible pair-wise combinations of the CHI and L1 domains described above are

contemplated.

[0291]  In certain embodiments, the snultispecific antigen-binding protein comprises a kappa fight
chain. In certain cmbodiments, the multispecific antigen-binding protein comprises a first light chamn
polypeptide L1 comprising a CL domain as set forth m any of SEQ 1D N(:435-48. The CL domain as set
forth in SEQ ID NO: 54 corresponds o amino acids 11-116 of SEQ ID NQOs: 45-48. Accordingly, L1
may comprise a CL domain comprising amino acids 11-116 as set forth in any of SEQ ID Nos: 45-48. In
certain embodiments, the multispecitic antigen-binding protein comprises a CL domam of L1 comprising
the amuno acid sequence set forth in SEQ 1D NO: 45 or the amino acids 11-116 n the sequence set forth
i SEQ ID NQG: 45, In certain embodiments, the multispecific antigen-binding protein comprises a CL
domain of L1 comprising the amino acid sequence set forth in SEQ ID NO: 46 or the amino acids 11-116
in the sequence set forth in SEQ 1D NO: 46, In certain embodiments, the multispecific antigen-binding
proten comprises a CL domain of L1 comprising the amino acid scquence set forth in SEQ ID NG 47 or
the amino acids 11-116 n the sequence set forth in SEQ ID NGO: 47, In certain embodiments, the
multispecific antigen-binding protein comprises a CL domain of L1 comprising the amino acid sequence

set forth in SEQ ID NO: 48 or the amino acids 11-116 in the sequence set forth 1o SEQ 1D NG: 48,

[0292]  In certain embodiments, the multispecific antigen binding protein comprises a lamba light
chain. In certain embodiments, the mutlispecific antigen-binding protein comprises a CL domain of L1

comprising the amino acid sequence set forth in SEQ 1D NO: 128,

{6293}  In certain embodiments, the multispecific antigen-binding protein comprises an IgG1l, 1gG2,
12G3, or IgG4 heavy chain. In cortain embodiments, the multispecific antigen-binding protein comprises
a CH1 domain of HI comprising the amino acid sequence set forth in SEQ 1D NO: 49, In cerfain
embodiments, the multispecific antigen-binding protein compnses a CHI domain of HI comprising the
amino acid sequence set forth 1n SEQ ID NG 50, i certain embodiments, the multispecific antigen-
binding protein comprises a CH1 domain of H1 comprising the amino acid sequence sct forth m SEQ ID
NG: 51, In certain embodiments, the multispecific antigen-binding protein comprises a CH1 domain of
H1 comprising the amino acid seqaence set forth in SEQ 1D NO: 52, In certain embodiments, the
multispecific antigen-binding protein comprises a CHI domain of H1 comprising the amino acid
sequence set forth in SEQ 1D NG: 106, io certain embodiments, the multispecific antigen-binding
protein comprises a CHI domain of HIl comprising the amino acid sequence set forth m SEQ 1D NO:
107. In certain embodiments, the multispecific antigen-binding protein comprises a CH1 domain of H1

comprising the amine acid sequence set forth in SEQ 1D NO: 108, The aming acid sequences of SEQ ID
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NQOs: 45-32 and 106-10% are provided in Table 8 below (LC is kappa LC unless indicated otherwise; HC

is of lgQG1 1otype unless indicated otherwise)..

Table 8

Js20 Lc

GOGTKVEIKR TVAAPSVFIV PPSDEQLKSG TATVACYLNN FYPREAKVQW KVDNALQSGN
SEQ ID NO: 45 SOEAVSEQDS KDSTYSLMSL LTLSKADYEK HKVYACEVTH QGLSSPVTKS FNRGEC
Js78 LC kappa GOGTKVEIKR TVAAPSVFIV PPSDEQLKSG TATVACFLNN FYPREAKVQW KVDNALQSGN
SEQ ID NO: 46 SQEAVTEQDS KDSTYSLASL LTLSKADYEK HKVYACEVTH QGLSSPVTKS FNRGEC
Js78 LC lambda GOPKAAPSVT LVPPSSEELQ ANKATLACFI SDFYPGAVTV AWKADSSPVK AGVETATPSK
SEQ ID NO: 128 OSNNKYAAAS LLSLTPEQWK SHKSYSCQVT HEGSTVEKTV APTECS
JT20 LC GOGTKVEIKR TVAAPSVFIV PPSDEQLKSG TATVACFLNN FYPREAKVQW KVDNALQSGN
SEQ ID NO: 47 SQEAVSEQDS KDSTYSLTSL LTLSKADYEK HKVYACEVTH QGLSSPVTKS FNRGEC
JT25 LC

GOGTKVEIKR TVAAPSVFIV PPSDEQLKSG TATVACFLNN FYPREAKVQW KVDNALQSGN
SEQ ID NO: 48 SOEMVSEQDS KDSTYSLMSL LTLSKADYEK HKVYACEVTH QGLSSPVTKS FNRGEC
Js20 HC

TKGPSVFPFA PSSKSTSGGT AMLGCLVKDY FPEPVTVSWN SGALTSGVHT MPAVLOSSGL
SEQ ID NO: 49 YILASVVTVP SSSLGTQTYI CN
Js78 HC IgGl TKGPSVFPFA PSSKSTSGGT AMLGCLVKDY FPEPVTVSWN SGALTSGVHT YPAVIQSSGL
SEQ ID NO: 50 YILASAVIVP SSSLGTQTYI CN
Js78 HC 1gG2 TKGPSVFPFA PCSRSTSEST AMLGCLVKDY FPEPVTVSWN SGALTSGVHT YPAVLQSSGL
SEQ ID NO: 106 YILASAVIVP SSNFGTQTYT CN
JS78 HC I1g9G3 TKGPSVFPFA PCSRSTSGGT AMLGCLVKDY FPEPVTVSWN SGALTSGVHT YPAVLOSSGL
SEQ ID NO: 107 YILASAVIVP SSSLGTQTYT CN
Js78 HC IgGd TKGPSVFPFA PCSRSTSEST AMLGCLVKDY FPEPVTVSWN SGALTSGVHT FPAVLQSSGL
SEQ ID NO: 108 YILASAVIVP SSSLGTKTYT CN
JT20 HC TKGPSVFPFA PSSKSTSGGT ATLGCLVKDY FPEPVTVSWN SGALTSGVHT MPAVLOSSGL
SEQ ID NO: 51 YTLASLVIVP SSSLGTQTYI CN
JT25 HC TKGPSVFPFA PSSKSTSGGT AMLGCLVKDY FPEPVTVSWN SGALTSGVHT MPAVLOSSGL
SEQ ID NO: 52 YTLASVVTVP SSSLGTQTYI CN
[0294]  Amino acid positions 116, 118, 131, 133, 135, 162, 164, 174, 176, and 178 in CL(EU

numbering) correspond to amino acid positions 18, 20, 33, 35, 37, 64, 66, 76, 78, and 80 mn SEQ {D NOs:
45-48, respectively. Amino acid positions 116, 118, 131, 133 135, 162, 164, 174, 176, and 178 (EU

numbering) in the CL domain of a kappa chain correspond to amine acid positions 116, 118, 131, 133,

135, 162, 164, 174, 176, and 178 (Kabat numbering) in the CL domain of a lambda light chain.  Amino
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acid positions 116, 118, 131, 133, 135, 162, 164, 174, 176, and 178 {Kabat numbering} in the CL domain
of a lambda light chain correspond to anuino acid positions 10, 12, 25, 27, 29, 56, 59, 67, 69, and 71 in

SEQ D NO: 128, respectively.

[0295]  Amino acid positions 128, 141, 170, 181, 183, and 185 (EU numbering)} in CHI correspond to
amino acid positions 9, 22, 51, 62, 64, and 66 of SEQ ID N{s: 49-532 and 106-103, respectively,

[0296]  All possible pair-wise combinations of SEQ D NOs: 45-48 or amino acids 11-116 of SEQ ID
Nos: 45-48 and SEQ 1D NOs: 49-32 are contemplated. In certain embodiments, the multispecific antigen-
binding protein comprises a first light chain polypeptide L1 comprising a CL domain as set forth 1n any
of SEQ ID NOs: 45-48. The €L domain ag set forth in SEQ 1D NO: 534 corresponds to aming acids 11-
116 of SEQ ID NOs: 45-48. Accordmgly, L1 may comprise a CL domain comprising anuno acids 11-
116 as set forth 1n any of SEQ 1D Nos: 45-48. In certam embodiments, specific combinations of SEQ 1D
NOg: 45-48 or amuino acids 11-116 of SEQ I Nos: 45-48 and 128 with SEQ 1D N(s; 49-32 and 106-108
arg contemplated. Suach combinations include, bt are not limited to, SEQ ID NO: 49/5EQ ID NQO: 45 or
amino acids 11-116 of SEQ 1D NO: 45; SEQ 1D NO: 50/8EQ 1D NO: 46 or amino acids 11-116 of SEQ
1D NG: 46; SEQ ID NO: 106/SEQ 1D NO: 46 or anuno acids 11-116 of SEQ [D NGO: 46; SEQ D NO:
HO7/8EQ ID NG: 46 or amino acids 11-116 of SEQ ID NG: 46; SEQ ID NG: 108/SEQ 1D NO: 46 or
anuino acids 11-116 of SEQ D NO: 46; SEQ IS NO: 51/8EQ ID NO: 47 or aming acids 11-116 of SEQ
1D NOG: 47; SEQ 1D NO: 50/SEQ 1D NO: 128, SEQ ID NO: 106/SEQ 1D NO: 128, SEQ 1D NG
107/SEQ 1D NO: 128, SEG 1D NG: 108/ SEQ 13 NO: 128; and SEQ 1D NO: 52/8EQ 1D NO:48 or
amino acids 11-116 of SEQ 1D NG: 48,

{02977 It will be apparent to those of ordinary skill in the art that the terms “H1” and “H2” are
arbitrary designations, and that “H1” and “H2” in any of the embodiments above can be reversed. That
is, any of the mutations above descibed as being in the CHI domain of H1 and CL domain of L1 can,

alternatively, be in the CHI domain of H2 and the €L domain of L2,

[0298]  Asnoted above, the mutations in the CH1/CL interface identified by Strategy #2 can be used

independently of or in addition to the mutations in the CHV/CL nterface identified by Strategy #1.

10299]  Thus, for example, provided herein s a mudtispecific antigen-binding protein comprising a
CHI1 domain of HI that comprises A141], F1705, S181M, 5183A and VI185A substitution mutations
{EU numberning}, a CL domain of L1 that comprises FII6A, L1353V, §174A, S176F, and T178V
substitution mutations (EU numbering), a CHI domain of H2 that comprises an S183E substitution
mutation (EU numbering), and a CL domain of L2 that comprises a V133K substitution mutation {EU
numbering ). Additionally, in certain embodiments, the VL domain of L1 the multispecific antigen-

binding protein comprises a (338K substitution mutation (Kabat numbering), the VH domain of H1 of the
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multispecific antigen-binding protein comprises a Q39E substitution mutation {Kabat numbenng), the VL
domain of L2 of the multispecific antigen-binding protein comprises a Q38E substitution mutation
{labat numbering), and the VH domaimn of H2 of the multispecific antigen-binding protein comprises a
Q39K substitution mutation {Kabat numbering}. In certain embodiments, the multispecific antigen-
binding protein comprises a CHI domain of H1 that comprises A1411 F1705, S181M, S183A, and

YV 185A substitution mutations (EU numbenng). a CL domain of L1 that comprises F116A, L1355V,
S174A, 8176F, and T178V substitution nutations (EU numbering), a CHI domain of H2 that consists of
an S183E substitution mutation (EU numbering), and a CL domain of L2 that consists of a V133K
substitution mutation {EU numbering}. Additionally, in certain embodiments, the VL domain of L1 the
multispecific antigen-binding protein comprises a Q38K substitution mutation (Kabat numbering), the
VH domain of Hi of the multispecific antigen-binding protem comprises a (39F substitution mutation
(Kabat numbering), the VL domain of L2 of the multispecific antigen-binding protein comprises a (38K
substitution mutation (Kabat numbering}, and the VH domain of H2 of the multispecific antigen-binding
protein comprises a Q39K substitution mutation (Kabat numbering). In certain embodiments, the
multispectfic antigen-binding protein comprises a CHI domain of H1 that consists of A1411, F170S,
S181M, 81834, and V183A substitution mutations (EU numbering), a CL domain of L1 that consists of
FllsA L1335V, §174A, 5176F, and T178VY substitution mutations (EU numbenng), a CHI domain of H2
that consists of an S183E substitution mutation (EU numbering), and a CL domain of L.2 that consists of
a V133K substitution mutation (EU numbering). In cortain embodiments, the VL domain of L1 the
multispecific antigen-binding protein comprises a Q38K substitution mutation (Kabat numbering), the
VH domain of H1 of the multispecific antigen-binding protem comprises a Q3%E substitution mutation
{Kabat numbering).  In certain embodiments, the VL domain of L2 of the multispecific antigen-binding
protein comprises a Q38E substitution mutation (Kabat numbering), and the VH domain of H2 of the
multispectfic antigen-binding protein comprises a Q39K substitution mutation (Kabat numbering).
Additionally, in certain embodiments, the VL domain of L1 the multispecific antigen-binding protein
comprises a Q38K substitution mutation {Kabat numbering}, the VH domain of HI of the multispecific
antigen-binding protein comprises a Q39E substitution mutation (Kabat numbering), the VL domain of
L2 of the multispecific antigen-binding protein comprises a Q38E substitution nustation (Kabat
numbering), and the VH domain of H2 of the multispecific antigen-binding protein comprises a Q39K
substitution mutation (Kabat mumbering). In certain emmbodiments, the VL domain of L1 the
multispecific antigen-binding protein comprises a Q38E substitution mutation (Kabat numbering}, the
VH domain of H1 of the multispecific antigen-binding protein comprises a Q39K substitution mutation
{Kabat nombering), the VL domain of L2 of the multispecific antigen-binding protein comprises a Q38K
substitation mutation {Kabat nuombering}, and the VH domain of H2 of the multispecific antigen-binding
protein comprises a Q39E substitution mutation {Kabat numbering). in certain embodiments, the
multispecific antigen-binding protein comprises a CHI domain of H1 that compnses (or consisting of or

consisting essentially of) the amino acid sequence of SEQ 1D NO: 29, a CL domain of L1 that comprises
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{or consisting of or consisting essentially of) SEQ ID NO: 19 or the amino acids 11-116 m the sequence
set forth in SEQ 1D NG: 19, 2 CHI domain of HZ that comprises {or consists of or consisting essertially
of) the amino acid sequence of SEQ D NQO: 13, and a CL domain of L2 that comprises {or consists of or
consisting essentially ofy SEQ ID NG: 5 or the amino acids 11-116 in the seguence set forth in SEQ [D
NG 5.

[330606] In certan embodiments, the multispecific antigen-binding protein comprises a CHI domain of
H1 that comprises A1411 F170S, S181M, S183A and V183 A substitution mutations (EU numbering), a
CL domain of L1 that comprises F116A, L1353V, S174A, S176F, and T178V substitution mutations (EU
numbenng}, a CHI domain of HZ that comprises an 5183k substitution mutation (EU numbering), and a
CL domain of L2 that comprises a VI33E substitution mutation (EU numbering). In certain
embodiments, the multispecific antigen-binding proten compnses a CH1 domain of Hi that comprises
AT4TL F1708, S181M, 51834, and VI85A substitution mutations (EU numberning), a CL domain of L1
that comprises F116A, L1353V, S174A, S176F, and T178V substitution mutations (EU numbering), a
CHI domain of H2 that consists of an S183K substitetion mutation {EU numbering}, and a CL domain of
L2 that consists of a VI33E substitution mutation {EU numbering}).  In certain embodiments, the
multispecific antigen-binding protein comprises a CH1 domain of H1 that consists of Ai41] F1705,
SI81M, S183A, and V185A substitution mutations (EU numbering), a CL domain of L1 that consists of
Fi16A, L1353V, S174A, 85176F, and T178V substitution mutations (EU numbenng), a CHI domain of H2
that consists of an S183K substitution mutation (EU numberning), and a CL domain of L2 that consists of
a Y 133E substitution mutation (EU mumbering). In certain embodiments, the VL domain of L1 the
multispecific antigen-binding protein comprises a Q38K substitution mutation (Kabat numbering), the
VH domain of Hi of the multispecific antigen-binding protem comprises a (J39F substitution mutation
{Kabat numbering}. In certain embodiments, the VL domain of L2 of the multispecific antigen-binding
protein comprises a Q38E substitution mutation (Kabat nurobering), and the VH domain of H2 of the
multispecific antigen-binding protein comprises a Q39K substitution mutation (Kabat numbering). In
certain embodiments, the VL domain of L1 the multispecitic antigen-binding protein comprises a Q38K
substitation mutation {Kabat nuombering}, the VH domain of H of the maltispecific antigen-binding
protein comprises a Q39E substitution mutation (Kabat numbering}, the VL domain of L2 of the
multispecific antigen-binding protein comprises a Q3RE substitution mutation (Kabat numbenng), and
the VH domain of H2 of the multispecific antigen-binding protein compriscs a Q39K substitution
mutation (Kabat numbering). In certain embodiments, the VL domain of L1 the multispecific antigen-
binding protein comprises a Q38E substitution mutation (Kabat nurnbering), the VH domain of HI of the
multispecific antigen-binding protein comprises a Q39K substitution mutation (Kabat numbering), the
V1. domain of L2 of the multispecific antigen-binding protein comprises a Q38K substitution mutation
{Kabat numbermg}, and the VH domain of H2 of the multispecific antigen-binding protein comprises a

(339E substitution nnutation {Kabat numbering}.
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[03¢1]  In certain embodiments, the multispecific antigen-binding protein comprises a CHI1 domain of
H1 that comprises A1411L FI1708, S181M, S183A, and VI85A substitution mutations (EU numberning), a
CL domain of L1 that comprises F116A, Li35V, S174A, S$176F, and T178V substitution mutations (EU
numbering), a CHI domain of H2 that comprises L128F, A141M, F170M, S1811, and 5183A
substitution mutations {EU mumbering), and a CL domain of L2 that comprises F118V, S131T, V1334,
LI35Y, S1624, T1645, S176M, and S5178L substitution mutations {(EU numberning). In certain
embodiments, the VL domain of L1 the multispecitic antigen-binding protein comprises a Q38K
substitation mutation {Kabat nuombering}, the VH domain of H of the maltispecific antigen-binding
protein comprises a Q39E substitution mutation (Kabat numbering}, the VL domain of L2 of the
multispecific antigen-binding protein comprises a Q3RE substitution mutation (Kabat numbenng), and
the VH domain of H2 of the multispecific antigen-binding protein compriscs a Q39K substitution
mutation (Kabat numbering). In cortain embodiments, the VL domain of L1 the multispecific antigen-
binding protein comprises a Q38E substitution mutation (Kabat nurnbering), the VH domain of HI of the
multispecific antigen-binding protein comprises a Q39K substitution mutation (Kabat numbering), the
VL domain of L2 of the multispecific antigen-binding protein comprises a Q38K substitution mutation
{Kabat numbermg}, and the VH domain of H2 of the multispecific antigen-binding protein comprises a

(339E substitution mutation {Kabat numbering}.

[0302]  In certain embodiments, the multispecific antigen-binding protein comprises a CHI domain of
H1 that comprises A141E FI708, S181M, S183A, and VI83SA substitution mutations (EU numbering}, a
CL domain of L1 that comprises F116A, L1353V, S174A, §176F, and T178V substitution mutations (EU
numbering), a CH1 domain of H2 that comprises L128F, A141M, F170Y, S1811 513834 and VI85A
substitution mutations (EU numbering), and a CL domain of L2 that comprises FLIEV, SI131T, VI33A,
L135F, 5162A, 5176A, and T178L substitution mutations (EU numbering}. In certain embodiments, the
YL domain of L1 the multispecific antigen-binding protein comprises a Q38K substitition mutation
{Kabat numbermg}, the VH domain of H1 of the multispecific antigen-binding protein compriscs a Q39E
substitution mutation {Kabat numbermg), the VL domain of L2 of the multispecific antigen-binding
protein comprises a (38E substitution mutation (Kabat numbering}, and the VH domain of H2 of the
multispecific antigen-binding protein comprises a (}39K substitution mutation (Kabat numbering). In
certain embodiments, the VL domain of L1 the multispecific antigen-binding protein comprises a Q38E
substitution mutation (Kabat numbening), the VH domain of Hi of the multispecific antigen-binding
protein comprises a Q39K substitution mutation (Kabat numbering), the VL domain of L2 of the
multispecific antigen-binding protein comprises a {P38K substitution mutation {Kabat numbering), and
the VH domain of H2 of the multispecific antigen-binding protein compriscs a (339F substitution

mutation {Kabat numbering).

89



WO 2016/172485 PCT/US2016/028850

[03G3]  In certain embodiments, the multispecific antigen-binding protein comprises a CHI1 domain of
H1 that comprises AT411L FI708, SI81M, S183A, and VI85A mutations {(EU numbenng}, a CL domain
of L1 that comprises F116A, L1335V, Si74A, §S176F, and T178V mutations (EU numbenng), a CH1
domain of H2 that comprises L128F, A141T, F170M, S181T, 51834, and V183L substitution mutations
{EU numbermg}, and a CL domain of 1.2 that comprises F118V, SI131T, VI33A, L135F, S162A, T1645,
S1767, and T178L substitution mutations (EU numbering}. In certain embodiments, the VL domain of
L 1 the multispecific antigen-binding protein comprises a 338k substitution mutation {(Kabat numberning},
the VH domam of H1 of the multispecific antigen-binding protein compnises a Q39E substitution
mutation {Kabat numbering). the VL domain of L2 of the multispecific antigen-binding protein
comprises a Q38E substitution mutation {Kabat numbering), and the VH domain of H2 of the
multispecific antigen-binding protein comprises a Q39K substitution mutation (Kabat numbering). In
certain embodiments, the VL domain of L1 the multispecific antigen-binding protein comprises a Q38E
substitution mutation (Kabat numbering}, the VH domain of Hi of the multispecific antigen-binding
protein comprises a Q39K substitution mutation (Kabat numbering), the VL domain of L2 of the
multispectfic antigen-binding protein comprises a Q38K substitution mutation {Kabat numbering}), and
the VH domain of H2 of the multispecific antigen-binding protein comprises a Q39E substitution

mutation {Kabat numbering).

[0334]  In certain embodiments, the multispecific anfigen-binding protein comprises a CHI domain of
H1 that comprises A141L FI708, S181M, S183A ) and VI85A substitution mutations (EU mumbering), a
CL domain of L1 that comprises F116A, L1353V, S174A, §176F, and T178V substitution mutations (EU
numbering), a CH1 domain of H2 that comprises L128F, A141M, F170M, S181T, and S183A
substitution mutations (EU numbering), and a CL domain of L2 that comprises FLIEV, SI131T, VI33A,
L135F 5162M, T1645, $176M, and T17&L substitotion mutations (EU numbering). In certain
embodiments, the VL domain of L1 the multispecific antigen-binding protein comprises a 338K
substitution mutation {(Kabat numbering), the VH domain of Hi of the multispecific antigen-binding
protein comprises a Q39E substitution mutation (Kabat numbering), the VL domain of L2 of the
multispecific antigen-binding protein comprises a Q38E substitution mutation (Kabat numbering), and
the VH domain of H2 of the multispecific antigen-binding protein comprises a Q39K substifution
mutation {Kabat numbering).  In certain embodiments, the VL domain of L1 the multispecific antigen-
binding protein comprises a Q38E substitution mutation (Kabat numbering), the VH domam of Hi ofthe
multispecific antigen-binding protein comprises a Q39K substitution mutation (Kabat numbering), the
YL domain of L2 of the multispecific antigen-binding protein comprises a 38K substitution mutation
{Kabat numbermg), and the VH domain of H2 of the nultispecific antigen-binding protein comprises a

Q39E substitution mutation (Kabat numbering).
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[0365]  In certain embodiments, the multispecific antigen-binding protein comprises a CHI1 domain of
H1 that comprises A1411L FI1708, S181M, S183A, and VI85A substitution mutations (EU numberning), a
CL domain of L1 that comprises F116A, Li35V, S174A, S$176F, and T178V substitution mutations (EU
numbering}), a CHI domain of H2 that comprises A1411, F1708, S181M, S183V, and V185A substitution
mutations (EU mumbering}, and a CL domain of L2 that comprises F116A, V1331 L1135V, 8162M,
S174A, S176F, and T178Y substitution mutations (EU numbering). In cortain embodiments, the VL
domain of L1 the multispecific antigen-binding protein comprises a Q38K substitution mutation (Kabat
numberning), the VH domain of HI of the maltispecific antigen-binding protein compriscs a Q39K
substitution mutation {Kabat numbering}, the VL domain of L2 of the multispecific antigen-binding
protein comprises a Q38E substitution mutation (Kabat numbering), and the VH domain of H2 of the
multispecific antigen-binding protein comprises a Q39K substitution mutation {Kabat numbering). In
certain embodiments, the VL domain of L1 the multispecific antigen-binding protein comprises a Q38E
substitution mutation (Kabat numbering}, the VH domain of Hi of the multispecific antigen-binding
protein comprises a Q39K substitution mutation (Kabat numbering), the VL domain of L2 of the
multispectfic antigen-binding protein comprises a Q38K substitution mutation {Kabat numbering}), and
the VH domain of H2 of the multispecific antigen-binding protein comprises a Q39E substitution

mutation {Kabat numbering).

[03036]  In certain embodiments, the multispecific antigen-binding protein comprises a CHI domain of
H1 that comprises A141E FI708, S181M, S183A, and VI83SA substitution mutations (EU numbering}, a
CL domain of L1 that comprises F116A, L1353V, S174A, §176F, and T178V substitution mutations (EU
numbering), a CH1 domain of H2 that comprises Al411, F1708, S181M, S183A, and V185A substitution
mutations (EU numbering)}, and a CL domain of L2 that comprises F116A, SI31D, Li353V, S162A,
S174A, S176F, and T1781 substitution mutations (EU numbering). In certain embodiments, the VL
domain of L1 the multispecific antigen-binding protein comprises a (338K substitution mutation {(Kabat
numbering), the VH domain of H1 of the multispecific antigen-binding protein comprises a Q39K
substitution mutation {Kabat numbermg), the VL domain of L2 of the multispecific antigen-binding
protein comprises a (38E substitution mutation (Kabat numbering}, and the VH domain of H2 of the
multispecific antigen-binding protein comprises a (}39K substitution mutation {Kabat numbering). In
certain embodiments, the VL domain of L1 the multispecific antigen-binding protein comprises a Q38E
substitution mutation (Kabat numbening), the VH domain of Hi of the multispecific antigen-binding
protein comprises a Q39K substitution mutation (Kabat numbering), the VL domain of L2 of the
multispecific antigen-binding protein comprises a {P38K substitution mutation {Kabat numbering), and
the VH domain of H2 of the multispecific antigen-binding protein compriscs a (339F substitution

mutation {Kabat numbering).
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[0307]  In certain embodiments, the multispecific antigen-binding protein comprises a CHI1 domain of
H1 that comprises A1411L FI1708, S181M, S183A, and VI85A substitution mutations (EU numberning), a
CL domain of L1 that comprises F116A, Li35V, S174A, S$176F, and T178V substitution mutations (EU
numbering), a CH1 domain of H2 that comprises A1411, F170A, S181M, S183V, and VI8SA
substitution mutations (EU numbering), and a CL domain of L2 that comprises FI116A, L1355V, S162M,
S174A, S176F, and T178Y substitution mutations (EU numbering). In cortain embodiments, the VL
domain of L1 the multispecific antigen-binding protein comprises a Q38K substitution mutation (Kabat
numberning), the VH domain of HI of the maltispecific antigen-binding protein compriscs a Q39K
substitution mutation {Kabat numbering}, the VL domain of L2 of the multispecific antigen-binding
protein comprises a Q38E substitution mutation (Kabat numbering), and the VH domain of H2 of the
multispecific antigen-binding proten comprises a Q39K substitution mutation {Kabat numbering). In
certain embodiments, the VL domain of L1 the multispecific antigen-binding protein comprises a Q38E
substitution mutation (Kabat numbering}, the VH domain of Hi of the multispecific antigen-binding
protein comprises a Q39K substitution mutation (Kabat numbering), the VL domain of L2 of the
multispectfic antigen-binding protein comprises a Q38K substitution mutation {Kabat numbering}), and
the VH domain of H2 of the multispecific antigen-binding protein comprises a Q39E substitution

mutation {Kabat numbering).

[0308]  In certain embodiments, the multispecific anfigen-binding protein comprises a CHI domain of
H1 that comprises L128F, A141M, FI170Y, S§1811, S183A, and VI185A mutations {EU numbering), a CL
domain of L1 that comprises F118Y, S131T, VI33A, L135F, 81624, S176A, and T178L mutations (EU
numberning), a CH1 domain of H2 that comprises an S183E substitution mutation (EU numbering), and a
CL domain of L2 that comprises a V133K substitution mutation (EU numbering). In certain
embodiments, the VL domain of L1 the multispecific antigen-binding protein comprises a 338K
substitution mutation (Kabat numbering}, the VH domain of Hi of the multispecific antigen-binding
protein comprises a Q39E substitution mutation (Kabat numbering), the VL domain of 1.2 of the
multispectfic antigen-binding protein comprnises a Q38E substitution mutation (Kabat numberning), and
the VH domain of H2 of the multispecific antigen-binding protein comprises a Q39K substitution
mutation {Kabat numbering}. In certain embodiments, the VL domain of L1 the multispecific antigen-
binding protein comprises a Q3%E substitution mutation (Kabat numbering), the VH domam of HI ofthe
multispecific antigen-binding protein comprises a Q39K substitution mutation (Kabat numbering), the
VL domain of L2 of the multispecific antigen-binding protein comprises a Q38K substitution mutation
{Kabat mumbering), and the VH domain of H2 of the mudtispecific antigen-binding protein comprises a

Q39E substitution mutation (Kabat numbering).

[3306%]  In certan embodiments, the multispecific antigen-binding protein comprises a CHI domain of

H1 that comprises L128F, Al4IM, FI70Y, S1811, S183A and V1E3A mutations (EU numbering), a CL
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domain of L1 that comprises F118Y, S131T, VI33A, L135F, 81624, S176A, and T178L mutations (EU
numberning), a CH1 domain of H2 that comprises an S183K substitution mutation (EU numbering}, and a
CL domain of L2 that comprises a VI33E substitution mutation (EU numbering}. In certain
embodiments, the VL domain of L1 the multispecific antigen-binding protein comprises a 338K
substitution mutation (Kabat numbering}, the VH domain of Hi of the multispecific antigen-binding
protein comprises a Q39E substitution mutation (Kabat numbering), the VL domain of L2 of the
multispectfic antigen-binding protein comprnises a Q38E substitution mutation (Kabat numberning), and
the VH domain of H2 of the multispecific antigen-binding protein comprises a Q39K substitution
mutation {Kabat numbering}. In certain embodiments, the VL domain of L1 the multispecific antigen-
binding protein comprises a Q3%E substitution mutation (Kabat numbering), the VH domam of HI ofthe
multispecific antigen-binding protein comprises a Q39K substitution mutation (Kabat numbering), the
VL domain of L2 of the multispecific antigen-binding protein comprises a Q38K substitution mutation
{Kabat numbering}, and the VH domain of H2 of the muldtispecific antigen-binding protein comprises a

Q39E substitution mutation (Kabat numbering).

13316]  In certain embodiments, the multispecific antigen-binding protein comprises a CHI domain of
H1 that comprises L128F, A141M, F170Y, S1811, SI183A, and VI83A substitution mutations (EU
numbering), a CL domain of L1 that comprises F118V, S131T, VI33A, L135F, 81624, S176A, and
T178L substitution mutations (EU numbering), a CHI domain of H2 that comprises L128F, A141M,
F170M, 51811, and S183A substitution mutations (EU numbering), and a CL domain of L2 that
comprises F1ISY, SI31T, VI33A, LI35Y, S162A, T1648, S176M, and S178L substitution mutations
{EU numbenng}. In certain embodiments, the VL domain of L1 the multispecific antigen-binding protein
comprises a Q38K substitution mutation {Kabat numbering), the VH domain of Hi of the multispecific
antigen-binding protein comprises a Q39E substitution mutation (Kabat numbering), the VL domain of
2 of the multispecific antigen-binding protein comprises a Q38E substitution mutation (Kabat
numbering ), and the VH domain of H2 of the multispecific antigen-binding protein comprises a Q39K
substitution mutation {Kabat numbering}. In cerfain embodiments, the VL domain of L1 the
multispecific antigen-binding protein comprises a Q38E substitution mutation (Kabat numbering)}, the
VH domain of Hi of the multispecific antigen-binding protein comprises a Q39K substitution muotation
{Kabat numbering}, the VL domain of L2 of the multispecific antigen-binding protein comprises a Q38K
substitution mutation (Kabat numberning), and the VH domaim of H2 of the multispecific antigen-binding

protein comprises a Q39E substitution mutation (Kabat numbering).

{0311  In certan embodiments, the multispecific antigen-binding protein comprises a CHI domaim of
H1 that comprises L128F, A141M, F170Y, S1811, §183A, and V185A substitution mutations (EU
numbering), a CL domain of L1 that comprises F1I8V SI131T, VI33A, L135F, S162A, §176A, and
T178L sobstitution mutations (EU aumbering), a CHI domain of H2 that comprises A1411 F1705,
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SI8IM, 5183A, and V185A substitution mutations (EU numbering), a CL domain of 1.2 that comprises
FLI6A, L1353V, S174A, S176F, and T178Y substitution mutations (EU numbenng). In certain
embodiments, the VL domain of L1 the multispecific antigen-binding protein comprises a Q38K
substitution mutation (Kabat numbering}, the VH domain of HI of the multispecific antigen-binding
protein comprises a Q39E substitution mutation (Kabat nurnbering), the VL domain of L2 of the
multispecific antigen-binding protein comprises a P38E substitution mutation (Kabat numbering}, and
the VH domain of H2 of the multispecific antigen-binding protein comprises a Q39K substitution
mutation {Kabat numbering}. In certain embodiments, the VL domain of L1 the multiapecific antigen-
binding protein comprises a Q38E substitution mutation (Kabat numbernng}, the VH domain of HI of the
multispecific antigen-binding protein comprises a Q39K substitution mutation (Kabat numbering), the
VL domain of L2 of the multispecific antigen-binding protein comprises a Q38K substitution mutation
(Kabat numbering), and the VH domain of H2 of the multispecific antigen-binding protein comprises a

Q39E substitution mutation (Kabat numbering).

[3312]  In certan embodiments, the multispecific antigen-binding protein comprises a CHI domain of
H1 that comprises L128F, A141M, FI170Y, S1811, SI183A, and VI83A substitution mutations (EU
numberimg), a UL domain of L1 that comprises F118V, S131T, VI33A, L135F, 8162A 5176A and
T178L substitution mutations {EU nuwmbering}, a CH1 domain of HZ that comprnises L128F, A1417T,
FI70M, 8181T, S183A, and V1851 substitution mutations (EU numbering}, and a CL domain of L2 that
comprises F118V, S131T, VI33A, L135F, S162A, T1645, §1767T, and T178L substitution mutations
{EU numbenng}. In certain embodiments, the VL domain of L1 the multispecific antigen-binding protein
comprises a Q38K substitution mutation {Kabat numbering), the VH domain of Hi of the multispecific
antigen-binding protein comprises a Q39E substitution mutation (Kabat numbering), the VL domain of
L2 of the multispecific antigen-binding protein comprises a Q3&E substitution mutation (Kabat
numbering}, and the VH domain of H2 of the multispecific antigen-binding protein comprises a 339K
substitution mutation {(Kabat numabering). In certain crabodiments, the VL domain of L1 the
multispectfic antigen-binding protein comprises a Q38E substitution mutation (Kabat numberning), the
VH domain of HI of the multispecific antigen-binding protein comprises a 39K substitution mutation
{Kabat nombering), the VL domain of L2 of the multispecific antigen-binding protein comprisgs a Q38K
substitution mutation {Kabat numbering). and the VH domain of H2 of the multispecific antigen-binding

proten comprises a Q39E substitution mutation (Kabat numbering).

[0313]  In certain embodiments, the multispecific antigen-binding protein comprises a CHI1 domain of
H1 that comprises LI28F, A141M, FI70Y, Si811, 51834, and VI185A substitution mutations (EU
numbering), a CL domain of L1 that comprises F1I8V SI131T, VI33A, L135F, S162A, §176A, and
T178L substitution mutations (EU numbering), a CHI domain of H2 that compnises L128F, A141M,
FI170M, S131T, and S183A substitution motations (EU numbering), and a CL domain of L2 that

94



WO 2016/172485 PCT/US2016/028850

comprises F118Y, SI31T, V1334, LI35F, S162M, T1645, 5176M, and T178L substitution mutations
(EU numbering). In certain emboduments, the VL. domain of L1 the multispecific antigen-binding protein
comprises a Q38K substitution mutation {Kabat numbering), the VH domain of Hi of the multispecific
antigen-binding protein comprises a Q39E substitution mutation (Kabat numbering), the VL domain of
2 of the multispecific antigen-binding protein comprises a Q38E substitution mutation {Kabat
numbering ), and the VH domain of H2 of the multispecific antigen-binding protein comprises a Q39K
substitution mutation {Kabat numbering}. In cerfain embodiments, the VL domain of L1 the
multispecific antigen-binding protein comprises a Q38E substitution mutation (Kabat numbering)}, the
VH domain of Hi of the multispecific antigen-binding protein comprises a 339K substitution mutation
{Kabat nombenng), the VL domain of L2 of the multispecific antigen-binding protein comprises a Q38K
substitution mutation (Kabat numbening), and the VH domaim of H2 of the multispecific antigen-binding

protein comprises a Q39E substitution mutation (Kabat numbering).

{8314]  In certain embodiments, the multispecific antigen-binding protein comprises a CHI domaim of
H1 that comprises L128F, A141M, FI70Y, S1811, §183A, and V185A substitution matations (EU
numberimg), a UL domain of L1 that comprises F118V_ S131T, VI33A, L135F, 8162A 5176A and
T178L substitution mutations (EU aumbering), a CHI domain of H2 that comprises A1411 F1705,
SI81M, 5183V, and V1854 substitution mutations (EU numbering), and a CL domain of L2 that
comprises F116A, VI33L Li33V, S162M, 8174A, 5176F, and T178V substitution mutations (EU
numbening).  In certain embodiments, the VL domain of L1 the nnultispecific antigen-binding protein
comprises a Q38K substitution mutation {Kabat numbering}, the VH domain of HI of the multispecific
antigen-binding protein comprises a Q39E substitution mutation (Kabat numbering), the VL domain of
L2 of the multispecific antigen-binding protein comprises a Q38E substitution mutation (Kabat
numbering), and the VH domain of H2 of the multispecific antigen-binding protein comprises a Q39K
substitution mutation (Kabat mumbering). In certain emmbodiments, the VL domain of L1 the
multispecific antigen-binding protein comprises a Q38E substitution mutation (Kabat numbering}, the
VH domain of H1 of the multispecific antigen-binding protein comprises a Q39K substitution mutation
{Kabat numbering}, the VL domain of L2 of the multispecific antigen-binding protein comprises a 338K
substitution mutation {Kabat numbering}, and the VH domain of HZ of the multispecific antigen-binding

protein comprises a Q39E substitution mutation (Kabat numbering).

[0315] It will be apparent to those of ordinary skill in the art that the terms “H1” and “H2” are
arbitrary designations, and that “H1” and “H2” in anv of the embodiments above can be reversed. That
1s, any of the mutations above described as being in the CH1 domain and/or the VH domam of Hi and
CL domain and/or the VL domain of L1 can, alternatively, be in the CHI domain and/or VH domain of

H2 and the CL domain and/or VL domain of L2,
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[0316]  In certain embodiments, the multispecific antigen-binding protein comprises a CHI1 domain of
H1 that comprises LI28F, A141M, F170Y, Si811, 51834, and VI85A substitution mutations (EU
numbering), a CL domain of L1 that comprises FLI8Y, SI131T, VI33A, LI33F, 81624, 81764, and
T178L substitution mutations (EU numbering), a CHI domain of H2 that comprises A1411 F1705,
SI81M, 51834, and VI85A substitution mutations (EU numbering), and a CL domain of L2 that
comprises FI116A, S131D, L1355V, §162A, 51744, S176F, and T1781 substitution mutations (EU
numberning). In certan embodiments, the VL domain of L1 the multispecific antigen-binding protein
comprises a Q38K substitetion mutation {Kabat nombering}, the VH domain of H1 of the multispecific
antigen-binding protein comprises a Q39E substitution mutation (Kabat numbering}, the VL domain of
1.2 of the multispecific antigen-binding protein comprises a 38E substitution mutation (Kabat
numbering), and the VH domain of H2 of the muitispecific antigen-binding protein comprises a Q39K
substitution mutation (Kabat numbering). In cerfain embodiments, the VL domain of L1 the
multispecific antigen-binding protein comprises a {I38E substitution mutation (Kabat numbering}, the
VH domain of Hi of the multispecific antigen-binding protein comprises a Q39K substitution mutation
{Kabat numbering}, the VL domain of L2 of the multispecitic antigen-binding protein comprises a Q38K
substitution mutation {Kabat numbermmg), and the VH domain of H2 of the multispecific antigen-binding

protein comprises a Q39K substitution mutation {(Kabat numbering).

[0317]  In certain embodiments, the multispecific anfigen-binding protein comprises a CHI domain of
H1 that comprises L128F, A141M, F170Y, §1811, S183A, and VI85A substitution mutations (EU
pumbering), a CL domain of L1 that comprises F1I8Y, S131T, VI33A LI35F S5162A, 8176A, and
T178L substitution mutations (EU numbering}, 2 CHI domain of H2 that comprises A1411 F1704,
S181M, S183V, and V1854 substitution mutations (EU numbering}, and a CL domain of L2 that
comprises F1I16A, L1355V, 5162M, S174A ) S176F, and T178Y substitution mutations (EU numbering).
In certain embodiments, the VL domain of L1 the multispecific antigen-binding protein comprises a
Q38K substitution mutation {Kabat numberng). the VH domain of H1 of the multispecific antigen-
binding protein comprises a Q39E substitution mutation (Kabat numabering), the VL domain of L2 of the
multispecific antigen-binding protein comprises a Q38E substitution mutation (Kabat numbering), and
the VH domain of H2 of the multispecific antigen-binding protein comprises a Q39K substifution
mutation {Kabat numbering). In certain embodiments, the VL domain of L1 the multispecific antigen-
binding protein comprises a Q38E substitution mutation (Kabat numbering), the VH domam of Hi ofthe
multispecific antigen-binding protein comprises a Q39K substitution mutation (Kabat numbering), the
YL domain of L2 of the multispecific antigen-binding protein comprises a 38K substitution mutation
{Kabat numbermg), and the VH domain of H2 of the nultispecific antigen-binding protein comprises a

Q39E substitution mutation (Kabat numbering).
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[0318] It will be apparent to those of ordinary skill in the art that the terms “H1” and “H2” are
arbitrary designations, and that “H1” and “H2” in anv of the embodiments above can be reversed. That
1s, any of the mutations above described as being in the CH1 domain and/or the VH domam of Hi and
CL domain and/or the VL domain of L1 can, alternatively, be in the CHI domain and/or VH domain of

H? and the CL domain and/or VL domain of L2,

[0318]  In certan embodiments, a multispecific antigen-bimding protein provided herein comprises a
CH1 domain of Hi comprising no more than 1 amino acid substitution mnutation, no more than 2 amino
acid substitution mutations, no more than 3 anmino acid substitution mutations, no more than 3 amino acid
substitution ntations, or no more than 6 amuno acid substitutions, no more than 7 amino acid
substitations, no more than 8 amino acid substitutions, no more than 9 amino acid substitutions, no more
than 10 amino acid substitutions, no more than 11 amino acid substitutions, or no more than 12 amino

acid substitutions.

10328  In certain embodiments, a multispecific antigen-binding protein provided herein comprises a
CL domamn of L1 comprising no more than 1 amino acid substitution mutation, no more than 2 amino
acid substitution mutations, no more than 3 amino acid substitution mutations, no more than 3 amino acid
substitution mutations, or no more than 6 amino acid substitutions, no more than 7 anuno acid
substitutions, no more than 8 amine acid substitotions, or no more than 9 amino actd substitutions, no
more than 10 amino acid substitutions, no more than 11 amino acid substitutions, or no more than 12

amino acid substitutions.

In certain embodiments the CHI domain of HI has at least about 70%, at least about 71%, at least about

2%, at least about 73%, at lcast about 74%, at lcast about 75%, at least about 76%, at lcast about 77%, at
Icast about 78%, at least about 79%, at least about 80%, at lcast about 81%, at least about 82%, at least
about 83%, at least about 84%, at least about 83%, at least about 86%, at lcast about 87%, at lcast about
88%0, at least about 89%. at least about 90%. at least about 91 %, at least about 92%, at least about 93%,
at least about 94%, at least about 95%, at least about 96%, at least about 97%, at least about 98%, or at
feast about 99% identical to a human germline or allotype heavy chain CHI domain. See Jefferis er al
(2009} Mabs 1: 332-338. Provided below are the amino acid sequences of human IgG1 CHI domain
(i.e., SEQ ID NO: 57) and human [gG4 §2288 CHI domain (fe., SEQ} I} N(O: 88). AsTRcPSVEP
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HTFPAVLOSS GLYSLS3VVT VPSSSLGTQT

YICNVNHKPS NTKVDERVEP KSCDKTHTCP PCPAPELLGG PSVEFLEPPKP KDTLMISRTE EVICVVVDVS

HEDPEVEFNW YVDGVEVHNA KTKPREEQYN STYRVVSVLT VLHQDWLNGE EYKCKVINKA LPAPIEKTIS

KAKGQPREPQ VYTLPPSREE MTRNQVSLTC LVKGEFYPSDI AVEWESNGQP ENNYETTPPV LRSDGSFFLY
C

SKLTVDKSRW QOGNVESCSY MHEALHNHYT QOKSLSLSPGK (SEQ ID MO. 57}

ASTKGPSVEP LAPCSRSTSE STAALGCLVK DYFPEPVTIVS WNSGALTIGYV HTFPAVLOSS GLYSLSSVVT
PSSSLGTKT YTCNVDHKPS NTKVDERVES KYGPPCPPCP APEFLGGPSYV FLEPPKPKDT LMISRTPEVT

CVVVDVSQED PEVOFNWYVD GVEVHNAKTK PREEQENSTY RVVSVLTVLH QDWLNGKEYE CKVSNKGLPS
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SLEKTISKAK GQPREPQVYT LPPSQEEMTK NQVSLTCLVK GEFYPSDIAVE WESNGQPENN Yk PEVLDS

DGSFFLYSRL TVDKSRWQEG NVESCSVMHE ALHNHYTOKS LSLSLGK {(SEQ ID MO. 58}

[0321] Insome embodiments, LC1 15 a kappa light chaim. In some embodiments, the CL domain of
LC1 has at least about 70%, at least about 71%, at least about 72%, at least about 73%, at least about
74%, at least about 73%, at least about 76%, at least about 77%. at least about 78%, at least about 79%, at
teast about 80%, at least about 8156, at least about 829, at least about 83%, at least about 84%, at least
about 85%, at least about 86%, at least about 87%, at least abouot 88%, at least about 89%, at least about
509%, at least about 91%, at least about 92%, at least about 93%, at least about 94%, at least about 95%, at
least about 96%, at least about 97%, at least about 98%, or at least about 99% identical to a human
germiine or allotype kappa chain CL domain. Provided below is the amino acid sequence of human kappa

Light chain constant domain {i.e., SEQ D NG: 59).

Fﬂ
]
]
o

[0322] RTVAAPSVFI FPPSDEQLKS GTASVVCLLN NFYPREAKVQ WKVDNALOSG NSQESV
TLTLSKADYE KHEVYACEVT HQGLS3PVTK 3FNRGEC (SEQ Ib mo. 593 In some embodunents, LClisa
tambda Light chain. In some embodiments, the CL domain of LTI has at least about 70%, at least about
71%, at least about 72%, at least about 73%, at least about 7496, at least about 75%, at least about 76%, at
least about 77%, at least about 78%, at least about 79%, at least about 80%, at least about 81%, at least
about 82%, at least about 83%, at least about 84%, at least about 83%, at least about 86%, at least about
87%, at lcast about 88%, at lcast about 89%, at lcast about 90%, at least about 91%, at lcast about 92%, at
Icast about 93%, at least about 94%, at least about 95%, at least about 96%, at least about 97%, at least
about 98%, or at least about 99% identical to a human germline or allotype lambda CL domain.

Provided below s the amine acid sequence of a human lambda light chain constant domaimn {i.e., SEQ ID

NO: 113).

GOPRAAPSVT LEFPPSSEELQ ANKATLVCLI SDEYPGAVTV AWKADSSPVK AGVETTTPSK QSNNKYAASS

YLSLTPEQWK SHESYSCQVT HEGSTVERTV APTECS (SEQ ID NO: 113)

[0323]  In certain embodiments, the parental H1 from which an Hl of a multispecific antigen-binding
protein provided herein is derived does not show a significant preference for a parental L1 from which an
L1 of a multispecific antigen-binding protein provided hercin is derived. o certain eoiboduments. In
certain embodiments, the parental H from which an H1 of a multispecific antigen-binding protein
provided herein is derived shows a preference for a parental L1 from which an L1 of a multispecific

antigen-binding protein provided herein ts derived.

[0324] It will be apparent to those of ordinary skill in the art that the terms “HI” and “H2” are
arbitrary designations, and that “H1” and “H2™ in any of the embodiments above can be reversed. That

1s, any of the mutations above described as being in the CHI domain and/or the VH domain of HI and
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CL domain and/or the VL domain of L1 can, altematively, be in the CH1 domain and/or VH domain of

H2 and the CL domain and/or VL domam of 1.2.

Modifications to the VH and VL domains

[0325]  In certain embodiments, the multispecific antigen-binding protein, or an antigen-binding
fragment thereof, comprises amino acid modifications in the VH and VL domain{s}, 7. ¢, independently
of modifications in the CH1 and CL domains described herein. In certain embodiments, the multispecific
antigen-binding proteins provided heremn additionally comprise amino acid modifications in the VH and
VL domain(s}, i.e., in combination with mutations in the CHI/CL interface identified by Strategy #1

and/or the mutations in the CHI/CL interface identified by Strategy #1.

[0326]  In cortain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises an aming actd sobstitution at posttion Q39 (Kabat nurnbering), and the VL domain of L1 of the
multispecific antigen-binding protein comprises an amino acid substitution at position (38 (Kabat
numbenng). In certain embodiments, the amino acid at position (339 (Kabat numbering) in the VH
domain of H1 is replaced with a positively charged residue, and the aminge acid at position (38 (Kabat
numbering) in the VL domaio of L1 is replaced with a negatively charged residue. In certain
embodiments, the amino acid at position Q39 {(Kabat mumbering) in the VH domain of H1 15 replaced
with a negatively charged residue, and wherein the amine acid at position 338 (Kabat numbering) in the
VL domam of L1 is replaced with a positively charged residue. In certain embodiments, the positively
charged residue is selected from the group consisting of R, H, and K. In certain embodiments, the

negatively charged residue is selected from the group consisting of D and E.

[6327] Additionally or alternatively, in certain embodiments, the VH domain of H2 of the
multispecific antigen-binding protein comprises an amino acid substitution at position 339 {(Kabat
numbering), and the VL domain of 1.2 of the multispecific antigen-binding protein comprises an aming
acid substitution at position Q38 (Kabat numbenng). In certain embodiments, the amino acid at position
(339 (Kabat numberimg) in the VH domain of H2 1s replaced with a positively charged residue, and
wherein the amino acid at position (38 {(Kabat numbering} n the VL domain of L2 15 replaced with a
negatively charged residue. In cortain embodiments, the anino acid at position Q39 (Kabat numbering)
n the VH domain of H2 is replaced with a negatively charged residue, and wherem the amino acid at
position (338 {(Kabat numbering) in the VL domain of 1.2 15 replaced with a positively charged residue.
In certain embodiments, the positively charged residue 1s selected from the group counsisting of R, H, and
K. In certain emboduments, the negatively charged residue is selected from the group consisting of I and

E.
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10328]  In certain embodiments, specific combinations of substitution mutations at position 339 (Kabat
numbering} on the VH domain of Hland at position Q38 (Kabat nuwmbering} on the VL domain of L1
and/or at position 339 (Kabat numbering) on the VH domain of H2 and at position Q38 (Kabat
numbering) on the VL domain of L2 are contemplated. Such combinations include, but not limited, to

those shown in Tables 9A and 9B below:

Table SA
©39D/ Q38K Q35R/Q38D
QISE/ Q38K Q39K/ 038D
Q38D / Q38R Q39R/QI8E
G3IOR/ Q38R Q35K/Q38E
QISD/QIH 038K/ 038D
Q3%E/Q38H 39H/Q38E

{0329}  The first mutation in cach pair in Table 9A refers to a modification in the VH domain
sequence, and the second mutation in each pair in Table 9A refers to a modification in the VL domam

SCequence.

Table 9B

EKKE | KEEK | EKKD | KDEK

ERKE | KEER | ERKD | KDER

DKKE | KEDK | DKKD | KDDK

DRKE | KEDR | DRKD | KDDR

EKRE | REEK | EKRD | RDEK

ERRE | REER | ERRD | RDER

DKRE | REDK | DKRD | RDDK

DRRE | REDR | DRRD | RDDR

[3336]  The four letter mutations in Table 9B refer to the amino acid substifutions at

Q39X i/ Q38X v /Q39X v/ Q38X 1, where “VHI refers to the VH domain of H1, “VL” refers to the
YL domain of L1, “VH2” refers to the VH domain of H2, and “VL27 refers to the VL domaim of L2, |
will be apparent to those of ordinary skill in the art that the terms “H17/L17 and “H27/“L2" are arbitrary

designations, and that “"H17 and “L17 in any of the embodiments above can be reversed with “H2” and
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“L2,” respectively. That is, anv of the mutations above descibed as being in the VH domain of Hi and

VL. domain of L1 can, alternatively, be it the VH domain of H2 and the VL domain of L.2.

[0331] In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises an amino acid substitution at position (339 (Kabat numbering), and the VL domain of L1 of
the multispecific anfigen-binding protein comprises an amino acid substitution at position Q38K (Kabat
numbering). In certain embodiments, the VH domain of H2 of the multispecific antigen-binding protein
comprises an aming acid sobstitution at posttion Q39K {Kabat numbering), and the VL domain of L2 of
the nwiltispecific antigen-binding protein comprises an amingo acid substitution at position Q38E (Kabat
numberning). In certain embodiments, the VH domain of H1 of the multispecific antigen-binding protein
comprises an amino acid substitution at position Q39K (Kabat numbering), and the VL domain of L1 of
the multispecific antigen-binding protein comprises an amino acid substitution at position (338E (Kabat
numberning). In certain embodiments, the VH domain of H2 of the multispecific antigen-binding protein
comprises an aming acid substitution at posttion Q3%E (Kabat numbering), and the VL domain of L2 of
the multispecific antigen-binding protemn comprises an aming acid substitution at position Q38K (Kabat
numbering). In certain embodiments, the VH domain of H1 of the multispecific antigen-binding protein
comprises an aming acid sobstitution at posttion Q39E (Kabat numbering), the VL domain of L1 of the
multispecific antigen-binding protein comprises an amino acid substitition at position Q38K (Kabat
numbening}, the VH domain of H2 of the multispecific antigen-binding protein comprises an amino acid
substitution at position Q39K (Kabat numbering}, and the VL domain of L2 of the multispecific antigen-
binding protein comprises an aming acid substitution at position Q38K (Kabat numbering). In certain
cmbodiments, the VH domain of H1 of the multispecific antigen-binding protein comprises an aming
acid substitution at position Q39K (Kabat numbering), the VL domam of L1 of the multispecific antigen-
binding protein comprises an amine acid substitution at position 38E (Kabat numbering}, the VH
domain of H2 of the multispecific antigen-binding protein comprises an amino acid substitution at
position Q39E (Kabat numbering), and the VL domain of L2 of the multispecific antigen-binding protein

comprises an amino acid substitution at position Q38K (Kabat numbering).

{8332]  In certam cmbodiments, the VH domain of H1 of the multispecific antigen-binding protein
comprises a Q39E substitution mutation {Kabat numbering), the VL domain of L1 of the muitispecific
antigen-binding protein comprises a Q38R substitution mutation (Kabat numbering), the VH domain of
H2 of the multispecific antigen-binding protein comprises a Q39K substitution mutation (Kabat
numbering}, and the VL domain of 1.2 of the multispecific antigen-binding protein comprises a Q33E

substitution mutation (Kabat numbering).

{0333]  In certain crbodiments, the VH domain of Hi of the multispecific antigen-binding protein
comprises a Q39D substitution mutation {Kabat numbering), the VL domain of L1 of the multispecific

antigen-binding protein comprises a Q38K substitution mutation (Kabat numbernng), the VH domain of
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H2 of the multispecific antigen-binding protein comprises a Q39K substitution mutation (Kabat
numberning), and the VL domain of L2 of the multispecific antigen-binding protein comprises a Q33E

substitution mutation (Kabat numbering).

[0334]  In certain embodiments, the VH domain of HI of the muluspecific antigen-binding protein
comprises a Q39D substitution mutation {Kabat numbering), the VL domain of L1 of the multispecific
antigen-binding protein comprises a Q38R substitution mutation (Kabat numbering}, the VH domain of
H2 of the multispecific antigen-binding protein comprises a 339K substitution mutation (Kabat
numbering), and the VL domain of 1.2 of the muliispecific antigen-binding protein comprises a Q38E

substitution mutation {(Kabat numbering).

[0335]  In certain embodiments, the YVH domain of H1 of the multispecific antigen-binding protein
comprises a Q39E substitution mutation {Kabat numbering), the VL domain of L1 of the muitispecific
antigen-binding protein comprises a Q38K substitution mutation (Kabat mumbering), the VH domain of
H2 of the multispecific antigen-binding protein comprises a Q39R substitution mutation (Kabat
numberning), and the VL domain of L2 of the multispecific antigen-binding protein comprises a Q33E

substitution mutation (Kabat numbering).

[0336]  In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a Q39E substitution mutation {Kabat numbering), the VL domain of L1 of the multispecific
antigen-binding protein comprises a Q38R substitution mutation (Kabat numbering), the VH domain of
H2 of the maltispecific antigen-binding protein comprises a Q39R substitution mutation {Kabat
numbering ), and the VL domain of L2 of the multispecific antigen-binding protein comprises a (338E

substitution mutation (Kabat numbering).

[6337]  In certain embodiments, the VH domain of H1 of the multispecific antigen-binding protein
comprises a 390 substitution mutation {Kabat nuwmbering}, the VE domain of L1 of the multispecific
antigen-binding protein comprises a Q38K substitution mutation (Kabat numbenng), the VH domain of
H2 of the multispecific antigen-binding protemn comprises a Q39R substitition mutation (Kabat
numbernng), and the YL domain of L2 of the multispecific antigen-binding protein comprises a (33E

substitution mutation {Kabat numbering).

[0338]  In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a substitution mutation Q39D {(Kabat numbering), the VL domain of L1 of the multispecific
antigen-binding protein comprises a Q38R substitution mutation (Kabat numbering), the VH domain of
H2 of the maltispecific antigen-binding protein comprises a Q39R substitution mutation {Kabat
numbering ), and the VL domain of L2 of the multispecific antigen-binding protein comprises a (338E

substitution mutation (Kabat numbering).
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[033%]  In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a Q39E substitution mutation {Kabat numbering), the VL domain of L1 of the multispecific
antigen-binding protein comprises a Q38K substitution mutation (Kabat numbernng), the VH domamn of
H2 of the maltispecific antigen-binding protein comprises a Q39K substitution mutation (Kabat
numbering}, and the VL domain of L2 of the multispecific antigen-binding protein comprises a 338D

substitution mutation (Kabat numbering).

[3346]  In certain embodiments, the VH domain of H1 of the multispecific antigen-binding protein
comprises a Q39 substitution mutation {Kabat numbering). the VL domain of L1 of the multispecific
antigen-binding protein comprises a (38R substitution mutation (Kabat numbering), the VH domain of
H2 of the multispecific antigen-binding protein comprises a Q39K substitution mutation (Kabat
numbenng), and the YL domain of L2 of the multispecific antigen-binding protein comprises a (330

substitution mutation {Kabat numbering).

[0341]  In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a Q39D substitution mutation {Kabat numbering), the VL domain of L1 of the multispecific
antigen-binding protein comprises a Q38K substitution mutation (Kabat numbernng), the VH domamn of
H2 of the multispecific antigen-binding protem comprises a Q39K substitution mutation (Kabat
numbering), and the VL domain of L2 of the maltispecific antigen-binding protein compriscs a Q38D

substitution mutation (Kabat munbering).

[0342]  In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a Q39D sabstitution mutation (Kabat numbering), the VL domain of L1 of the multispecific
antigen-binding protein compriscs a Q38R substitution mutation (Kabat nwmbering), the VH domain of
H2 of the multispecific antigen-binding protem compnises a Q39K substitution mutation (Kabat
numbening), and the VL domain of L2 of the multispecific antigen-binding protein comprises a Q38D

substitution mutation {Kabat nombering).

[0343] In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a Q39E substitution mutation (Kabat numbering), the VL domain of L1 of the multispecific
antigen-binding protein comprises a Q38K substitution mutation (Kabat numbering), the VH domain of
H2 of the multispecific antigen-binding protem comprises a Q39R substitution mutation (Kabat
numbering), and the VL domain of L2 of the multispecific antigen-binding protein compriscs a Q38D

substitution mutation (Kabat munbering).

[0344]  In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a Q39F substitution mutation (Kabat numbering), the VL domain of L1 of the multispecific

antigen-binding protein compriscs a Q38R substitution mutation (Kabat nwmbering), the VH domain of
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H2 of the multispecific antigen-binding protein comprises a Q39R substitution mutation (Kabat
numberning), and the VL domain of L2 of the multispecific antigen-binding protein comprises a Q33D

substitution mutation (Kabat numbering).

0345]  In certain embodiments, the VH domain of HI of the muluispecific antigen-binding protein
comprises a Q39D substitution mutation {Kabat numbering), the VL domain of L1 of the multispecific
antigen-binding protein comprises a Q38K substitution mutation (Kabat nombenng), the VH domain of
H2 of the multispecific antigen-binding protein comprises a $339R substitution mutation {Kabat
numbering), and the VL domain of L.2 of the multispecific antigen-binding protein comprises a 38D

substitution mutation {(Kabat numbering).

[0346]  In certain embodiments, the YH domain of H1 of the multispecific antigen-binding protein
comprises a Q390 substitution mutation {Kabat numbering}, the VL domain of L1 of the multispecific
antigen-binding protein comprises a 38R substitution mutation (Kabat numbering)}, the VH domain of
H2 of the multispecific antigen-binding protein comprises a Q39R substitution mutation (Kabat
numberning), and the VL domain of L2 of the multispecific antigen-binding protein comprises a Q33D

substitution mutation (Kabat numbering).

103477  In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a Q39K substitution mutation {Kabat numbering), the VL domain of L1 of the multispecific
antigen-binding protein comprises a Q38E substitution mutation (Kabat numbenng), the VH domain of
H2 of the maltispecific antigen-binding protein comprises a Q39E sabstitution mutation (Kabat
numbering), and the VL domain of L2 of the multispecific antigen-binding protein comprises a 38R

substitution mutation (Kabat numbering).

[3348]  In certain embodiments, the VH domain of H1 of the multispecific antigen-binding protein
comprises a 39K substitution mutation {Kabat numbering}, the VE domain of L1 of the multispecific
antigen-binding protein comprises a J38E substitution mutation (Kabat numberning), the VH domain of
H2 of the multispecific antigen-binding protein comprises a Q39D substitution mutation (Kabat
numbernng), and the VL domain of L2 of the multispecific antigen-binding protein comprises a Q38K

substitution mutation {Kabat numbering).

[0349]  In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a Q39K substitution mutation {Kabat numbering), the VL domain of L1 of the multispecific
antigen-binding protein comprises a Q38E substitution mutation (Kabat numbenng), the VH domain of
H2 of the maltispecific antigen-binding protein comprises a Q39D substitution mutation (Kabat
numbering), and the VL domain of L2 of the multispecific antigen-binding protein comprises a 38R

substitution mutation (Kabat numbering).
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[0358]  In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a (39K substitution nwitation {Kabat numbering), the VL domain of L1 of the multispecific
antigen-binding protein comprises a Q38E substitution mutation (Kabat numbenng), the VH domain of
H2 of the maltispecific antigen-binding protein comprises a Q39E sabstitution mutation (Kabat
numbering), and the VL domain of L.2 of the multispecific antigen-binding protein comprises a 338K

substitution mutation (Kabat numbering).

[6351]  In certain embodiments, the VH domain of H1 of the multispecific antigen-binding protein
comprises a Q39K substitution mutation {(Kabat numbering), the VL domain of L1 of the multispecific
antigen-binding protein comprises a J38E substitution mutation (Kabat numberning), the VH domain of
H2 of the multispecific antigen-binding protein comprises a Q39H substitution mutation (Kabat
numbenng), and the VL domain of L2 of the multispecific antigen-binding protein comprises a Q38R

substitution mutation {Kabat numbering).

[0352]  In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a Q39K substitution nwitation {Kabat numbering), the VL domain of L1 of the multispecific
antigen-binding protein comprises a Q38E substitution mutation (Kabat numbenng), the VH domain of
H2 of the multispecific antigen-binding protem comprises a Q39D substitution mutation (Kabat
numbering), and the VL domain of L2 of the maltispecific antigen-binding protein compriscs a Q38K

substitution mutation (Kabat munbering).

[0383]  In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a Q39K substitution mutation (Kabat numbering), the VL domain of L1 of the multispecific
antigen-binding protein comprises a Q38K substitution mutation (Kabat numbering), the VH domain of
H2 of the multispecific antigen-binding protem compnises a Q39D substitution mutation (Kabat
numberning), and the VL domain of L2 of the multispecific antigen-binding protem comprises a Q38R

substitution mutation {Kabat nombering).

[03534] In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a Q39K substitution mutation {Kabat numbering}, the VL domain of L1 of the multispecific
antigen-binding protein comprises a Q38D substitution mutation (Kabat numbering), the VH domain of
H2 of the multispecific antigen-binding protein comprises a Q39E substitution mutation (Kabat
numbering), and the VL domain of L2 of the multispecific antigen-binding protein comprises a Q38K

substitution mutation (Kabat munbering).

[3385]  In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a Q39K substitution mutation (Kabat numbering), the VL domain of L1 of the multispecific

antigen-binding protein comprises a Q38D substitution mutation (Kabat numberning), the VH domain of
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H2 of the multispecific antigen-binding protein comprises a Q39E substitution mutation (Kabat
numberning), and the VL domain of L2 of the multispecific antigen-binding protein comprises a Q38R

substitution mutation (Kabat numbering).

[0356]  In certain embodiments, the VH domain of HI of the muluspecific antigen-binding protein
comprises a Q39K substitution mutation {Kabat numbering), the VL domain of L1 of the multispecific
antigen-binding protein comprises a Q38D substitution mutation (Kabat nombenng), the VH domain of
H2 of the multispecific antigen-binding protein comprises a 339D substitution mutation (Kabat
numbering), and the VL domain of L.2 of the muluispecific antigen-binding protein comprises a Q38K

substitution mutation {(Kabat numbering).

[0337]  In certain embodiments, the YH domain of H1 of the multispecific antigen-binding protein
comprises a Q39K substitution mutation {Kabat numbering}, the VL domain of L1 of the multispecific
antigen-binding protein comprises a Q38D substitution mutation (Kabat mumbering), the VH domain of
H2 of the multispecific antigen-binding protein comprises a 39D substitution mutation (Kabat
numberning), and the VL domain of L2 of the multispecific antigen-binding protein comprises a Q38R

substitution mutation (Kabat numbering).

[0358]  In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a Q39K substitution nwitation {Kabat numbering), the VL domain of L1 of the multispecific
antigen-binding protein comprises a Q38D substitution mutation (Kabat numbernng), the VH domaimn of
H2 of the maltispecific antigen-binding protein comprises a Q39E sabstitution mutation (Kabat
numbering), and the VL domain of L.2 of the multispecific antigen-binding protein comprises a 338K

substitution mutation (Kabat numbering).

[335%]  In certain embodiments, the VH domain of H1 of the multispecific antigen-binding protein
comprises a J39R substitution mutation {Kabat mumbering), the VL domain of L1 of the multispecific
antigen-binding protein comprises a Q38D substitution mutation (Kabat numbering), the VH domain of
H2 of the multispecific antigen-binding protein comprises a Q39H substitution mutation (Kabat
numbenng), and the VL domain of L2 of the multispecific antigen-binding protein comprises a Q38R

substitution mutation {Kabat numbering).

[0363]  In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a Q39K substitution nwitation {Kabat numbering), the VL domain of L1 of the multispecific
antigen-binding protein comprises a Q38D substitution mutation (Kabat numbernng), the VH domaimn of
H2 of the maltispecific antigen-binding protein comprises a Q39D substitution mutation (Kabat
numbering), and the VL domain of L2 of the multispecific antigen-binding protein comprises a 338K

substitution mutation (Kabat numbering).
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[0361]  In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a (39K substitution nwitation {Kabat numbering), the VL domain of L1 of the multispecific
antigen-binding protein comprises a Q38D substitution mutation (Kabat numbernng), the VH domaimn of
H2 of the maltispecific antigen-binding protein comprises a Q39D substitution mutation (Kabat
numbering), and the VL domain of L2 of the multispecific antigen-binding protein comprises a 38R

substitution mutation (Kabat numbering).

[6362]  In certain embodiments, the VH domain of H1 of the multispecific antigen-binding protein
comprises a Q39H substitution mutation {Kabat numbering}, the VI domain of L1 of the multispecific
antigen-binding protein comprises a Q38D substitution mutation (Kabat numbenng), the VH domain of
H2 of the multispecific antigen-binding protein comprises a Q39D substitution mutation (Kabat
numbernng), and the VL domain of L2 of the multispecific antigen-binding protein comprises a Q38H

substitution mutation {Kabat numbering).

[0363]  In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a Q39H substitution mutation {Kabat numbering), the VL domain of L1 of the multispecific
antigen-binding protein comprises a Q38E substitution mutation (Kabat numbenng), the VH domain of
H2 of the multispecific antigen-binding protein comprises a Q39E substitution mutation (Kabat
numbering), and the VL domain of L2 of the maltispecific antigen-binding protein compriscs a Q38H

substitution mutation (Kabat munbering).

[0364] In certain embodiments, the VH domain of HI of the muultispecific antigen-binding protein
comprises a Q39D sabstitution mutation (Kabat numbering), the VL domain of L1 of the multispecific
antigen-binding protein comprses a Q38H substitution mutation (Kabat numberning), the VH domain of
H2 of the multispecific antigen-binding protem compnises a Q39H substitution mutation (Kabat
numberning), and the VL domain of L2 of the multispecific antigen-binding protein comprises a Q38D

substitution mutation {Kabat nombering).

[0365]  In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a Q39E substitution mutation (Kabat numbering), the VL domain of L1 of the multispecific
antigen-binding protein comprises a Q38H substitution mutation (Kabat numbering), the VH domain of
H2 of the multispecific antigen-binding protem comprises a Q39H substitution mutation (Kabat
numbering}), and the VL domain of L2 of the moltispecific antigen-binding protein compriscs a Q38E

substitution mutation (Kabat munbering).

[6366] It will be apparent to those of ordinary skill in the art that the terms “HI7/L17 and “H27/“L2”

are arbitrary designations, and that “H1” and “L1” in any of the embodiments above can be reversed with
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“H2” and “L2,” respectively. That is, any of the mutations above descibed as being 1n the VH domain of

H1 and VL domam of L1 can, alternatively, be in the VH domain of H2? and the VL domain of L2,

03677  As noted elsewhere berein, the multispecific antigen-binding proteins provided hergin in some
embodiments comprise amino acid modifications in the VH and VL domain(s}, i.e., such as the amino
acid modifications described above, in combination with muiations in the CHI/CL interface identified by

Strategy #1 and/or the mutations in the CHY/CL interface identified by Strategy #2.

{0368]  In certam embodiments, the VH domain of Hi of the multispecific antigen-binding protein
comprises a Q39E substitution mutation (Kabat numbering}, the VL domaim of L1 the multispecific
antigen-binding protein comprises a (38K substitution mutation {Kabat numbenng}, the CH1 domain of
H? of the multispecific antigen-binding protein comprises (such as consists of or consists essentially of)
an S183E substitution mutation (EU numbering), and the CL domain of L2 of the multispecific antigen-
binding protein comprises (such as consists of or consists casentially of} a V133K substitution muutation

{EU numbering}.

[0369]  In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a Q39K substitution mutation {Kabat numbering}, the VL domain of L1 the multispecific
antigen-binding protein comprises a Q38E substitution mutation (Kabat numbering), the CHI domain of
2 of the multispecific antigen-binding protein comprises {such as consists of or consists essentially of}
an S183E substitution mutation (EU numbering), and the CL domain of L2 of the multispecific antigen-
binding protein comprises {(such as consists of or consists essentially of} a V133K substitution mutation

{(EU numbering).

{8370]  In certam embodiments, the VH domain of HI of the mudtispectfic antigen-binding protein
comprises a Q39E substitution mutation (Kabat numbering), the VL domain of L1 the multispecific
antigen-binding protein comprises a Q38K substitution mutation {(Kabat numberning), the CH1 domain of
H1 of the multispecific antigen-binding protein comprises (such as consists of or consists essentially of)
an S183E substitution mutation (EU numbering}, and the CL domain of L1 of the multispecific antigen-
binding protein comprises (such as consists of or consists essentially of} a V133K substitution mutation

{EU numbering).

{0371]  In certain crnbodiments, the VH domain of Hi of the multispecific antigen-binding protein
comprises a Q39K substitution mutation {Kabat numbering}, the VE domain of L1 the muitispecific
antigen-binding protein comprises a Q38E substitution mutation (Kabat numbering), the CHI domain of
H1 of the multispecific antigen-binding protein comprises (such as consists of or consists essentially of)

an S183E substitution mutation (EU numbering}, and the CL domain of L1 of the multispecific antigen-
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binding protein comprises (such as consists of or consists essentially of} a V133K substitution mutation

{EU numbenng).

[0372]  In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a Q39E substitution mutation {Kabat numbering), the VL domain of L1 the multispecific
antigen-binding protein comprises a Q38K substitution mutation (Kabat numbernng), the CH1 domain of
H2 of the multispecific antigen-binding protein comprises {such as consists of or consists essentially of)
an S183E substitution mutation (EU pumbering}, and the CL domain of L2 of the multispecific antigen-
binding protein comprises (such as consists of or consists essentially of} a V133K substitution mutation

(EU numbering).

03731 In certain embodiments, the VH domain of H1 of the multispecific antigen-binding protein
comprises a Q39E substitution mutation (Kabat numbenng), the VL domain of L1 the multispecific
antigen-binding protein comprises a 38K substitution mutation (Kabat numbering), the CHI domain of
H1 of the multispecific antigen-binding protein comprises {such as consists of or consists essentially of)
an 5183K substitution mutation (EU numbering), and the CL domain of L1 of the multispecific antigen-
binding protein comprises (such as consists ot or consists essentiatly of) a VI33E substitution mutation

{EU numbering).

[0374]  In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a Q39E substitution mutation (Kabat numbering), the VL domain of L1 the multispecific
antigen-binding protein comprises a Q38K substitution mutation (Kabat nuombenng), the VH domain of
H? the multispecific antigen-binding protein comprises a Q39K substitution mutation (Kabat numbering},
the CH1 domain of H2 of the multispecific antigen-binding protein comprises {such as consists of or
consists essentially of) an S183E substitution mutation (EU numbering), the VL domain of L2 of the
multispecific antigen-binding protein comprises a Q38E substitution mutation (Kabat numbering), and
the CL domain of L2 of the multispecific antigen-binding protein comprises {such as consists of or

consists essentially of) a V133K substitution mutation (EU numbering).

{0375}  In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a Q39K substitution mutation (Kabat numbering), the VL domain of L.1 the multispecific
antigen-binding protein comprises a Q38E substitution mutation (Kabat numbenng), the VH domain of
H2 the multiapecific antigen-binding protein comprises a Q39E substitution mutation (Kabat numbering),
the CH1 domain of H2 of the multispecific antigen-binding protein comprises {such as consists of or
consists essentially of) an S183E substitution mutation (EU numbering), the VL domain of L2 of the
multispectfic antigen-binding protein comprises a Q38K substitution mutation {Kabat numbering), and
the CL domain of L2 of the multispecific antigen-binding protein comprises {sach as consists of or

consists gssentially of) a V133K substitution mutation (EUJ numbering).
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[0376]  In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a (39K substitution mutation {Kabat numbering}, the VE domain of L1 the multispecific
antigen-binding protein comprises a Q38E substitution mutation (Kabat numbenng), the VH domain of
H2 the multiapecific antigen-binding protein comprises a Q39E substitution mutation (Kabat numbering),
the CHI domain of H2 of the multispecific antigen-binding protein comprises {such as consists of or
consists essentially of) an S183F substitution mutation {(EU numbernng}, the VL domain of L2 of the
multispectfic antigen-binding protein comprises a Q38K substitution mutation {Kabat numbering), and
the CL domain of L2 of the multispecific antigen-binding protein comprises {sach as consists of or

consists gssentially of) a V133K substitution mutation (EU numbering).

(0377}  In certain embodiments, the VH domain of H1 of the multispecific antigen-binding protein
comprises a Q39K substitution mutation (Kabat numbering), the CHI domain of HI of the multispecific
antigen-binding protein comprises (such as consists of or consists essentially of) an 5183F substitution
mutation (EU numbering),the VL domaim of L1 the multispecific antigen-binding protein comprises a
Q338E substitution matation (Kabat numbering), the VH domain of H2 the meltispecific antigen-binding
protein comprises a Q39E substitution mutation (Kabat nurbering), the CHI domain of H2 of the
multispecific antigen-binding proiein comprises {such as consists of or consists essentially of} an S183F
substitution mwtation (EU numbering), the VL domain of L2 of the nultispecific antigen-binding protein
comprises a Q38K substitution mutation (Kabat numbering), and the CL domain of 1.2 of the
multispectfic antigen-binding protein comprises (such as consists of or consists essentially ofy a V133K

substitution mutation {EU sumbering}.

[0378]  In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a Q39K substitution mutation (Kabat numbering), the VL domain of L1 the multispecific
antigen-binding protein comprises a Q38F substitution mutation (Kabat numbering), the VH domain of
HZ2 the multispecific antigen-binding protein comprises a Q39E substitution mutation (Kabat numbering),
the CHI domamm of H2 of the multispecific antigen-binding protein comprises {such as consists of or
consists essentially of) an 1837 substitution mutation (EU numbering), the VL domain of L2 of the
multispecific antigen-binding protein comprises a Q38K substitution mutation {Kabat numbering), and
the CL domam of L2 of the multispecific antigen-binding protein comprises {such as consists of or

consists gssentially of) a V133K substitution mutation (EUJ numbering).

{03791  In certain embodiments, the VH domain of H1 of the multispecific antigen-bmding protein
comprises a Q39K substitution mustation (Kabat numbering), the CHI domain of Hiof the multispecific
antigen-binding protein comprises (such as consists of or consists essentially of) an S183E substitution
mutation {EU numbering).the VL domain of L1 the multispecific antigen-binding protein comprises a
{J38E substitution mutation (Kabat numbering), the VH domain of H2 the multispecific antigen-binding

protein comprises a J39E substitution mutation (Kabat numbering), the CH1 doman of H2 of the
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multispecific antigen-binding protein comprises (such as consists of or consists essentially of) an 51837
substitution mutation {EU numbering). the VL domain of L2 of the multispecific antigen-binding protein
comprises a Q38K substitution mutation {Kabat numbering), and the CL domain of L2 of the
multispecific antigen-binding protein comprises (such as consists of or consists essentially of} a V133K

substitution muetation (EU numbering).

[3386] In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a 39K substitution mutation (Kabat numbering}, the VL domain of L1 the multispecific
antigen-binding protein comprises a Q38K substitution mutation (Kabat numbering), the VH domain of
H2 the multispecific antigen-binding protein comprises a Q39E substitution mutation (Kabat numbering),
the CHI domain of H2 of the multispecific antigen-binding protein comprises (such as consists of or
consists gssentially of) an S183Y substitution motation (EU numbering}, the VL domain of L2 of the
multispecific antigen-binding protein comprises a Q38K substitution nuttation {Kabat numbering), and
the CL domam of L2 of the multispecific antigen-binding protein comprises (such as consists of or

consists essentially of) a V133K substitution mutation (EU numbering}.

[0381]  In certain embodiments, the VH domain of Hi of the multispecific antigen-binding protein
comprises a Q39K substitution mutation (Kabat numbering), the CHI doman of H1 of the multispecific
antigen-binding protein comprises (such as consists of or consists essentially of) an §183F substitution
mutation {EU numbering),the VL domain of L1 the multispecific antigen-binding protein comprises a
Q38K substitution mutation (Kabat numbering), the VH domain of H2 the multispecific antigen-binding
protein comprises a Q39E substitution mutation (Kabat numbering), the CHI domaim of H2 of the
multispectfic antigen-binding protein comprises (such as consists of or consists essentially of) an 5183Y
substitution mutation {EU numbering}, the VL domain of L2 of the multispecific antigen-binding protein
comprises a Q38K substitution mutation (Kabat numberning), and the CL domain of L2 of the
multispecific antigen-binding protein comprises (such as consists of or consists gssentially of) a V133K

substitution mutation (EU numbering).

[0382]  In certain embodiments, the VH domain of HI of the multspecific antigen-binding protein
comprises a Q39K substitution metation {Kabat numbering}, the CL domain of L1 of the multispecific
antigen-binding protein comprises (such as consists of or consists essentially of) a V133E substitution
mutation {EU numbering), the V1 domain of L1 the multispecific antigen-binding protein comprises a
Q38E substitution mutation (Kabat numbering), the VH domain of H2 the multispecific antigen-binding

protein comprises a (39E substitution mutation (Kabat numbering}, the CHI domain of H2 of the
multispecific antigen-binding protein comprises (such as consists of or consists essentially of) an S183E
substitution mutation {EU numbering). the VL domain of L2 of the multispecific antigen-binding protein

comprises a Q38K substitution mutation (Kabat numberning), and the CL domain of L2 of the
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multispecific antigen-binding protein comprises (such as consists of or consists essentially of) a V133K

substitution mutation {EU numbering).

[0383] In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a (39K substitution mutation {Kabat numbering}, the VE domain of L1 the multispecific
antigen-binding protein comprises a Q38E substitution mutation (Kabat numbenng), the VH domain of
H2 the multiapecific antigen-binding protein comprises a Q39E substitution mutation (Kabat numbering),
the CHI domain of H2 of the multispecific antigen-binding protein comprises {such as consists of or
consists essentially of) an $183K substitution mutation (EU numbering}, the VL domain of L2 of the
multispectfic antigen-binding protein comprises a Q38K substitution mutation {Kabat numbering), and
the CL domain of L2 of the multispecific antigen-binding protein comprises {sach as consists of or

consists gssentially of) a V133E substitution mutation {EU sumbering}.

[0384]  In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a Q39 substitution mutation (Kabat numbering), the VL domain of L1 the multispecific
antigen-binding protein comprises a Q38K substitution mutation (Kabat numbering), the VH domain of
HZ2 the multispecific antigen-binding protein comprises a Q39K substitution mutation (Kabat numbering),
the CH1 domain of H2 of the multispecific antigen-binding protein comprises (such as consists of or
consists essentially of} an 5183K substitution mutation (EU numberning}, the VL domain of L2 of the
multispecific antigen-binding proiein comprises a {P38E substitution mutation (Kabat numbering), and
the CL domain of L2 of the multispecific antigen-binding protein comprises {such as consists of or

consists essentially of) a VI33E substitution mutation (EU numbering).

[0385]  In certain embodiments, the YH domain of H1 of the multispecific antigen-binding protein
comprises a Q39E substitution mutation (Kabat numbermg), the CHI domain of Hl of the multispecific
antigen-binding protein comprises (such as consists of or consists essentially of) an $183E substitution
mutation {EU numbering). the VL domain of L1 the multispecific antigen-binding protein comprises a
(338K substitution mutation (Kabat numbering), the CL domain of L.1 of the muluspecific antigen-
binding protein comprises {(such as consists of or consists essentially of) a V133K substitution mutation
{(EU numbering), the VH domain of H2 the multispecific antigen-binding protein comprises a (39K
substitution mutation (Kabat numbering}, and the VL domain of L2 of the multispecific antigen-binding

protein comprises a Q38E substitution mutation (Kabat numbering).

[3386]  In certain embodiments, the VH domain of H1 of the multispecific antigen-binding protein
comprises a Q39K substitution mutation (Kabat numbering}, the CHI domain of Hi of the multispecitic
antigen-binding protein comprises (such as consists of or consists essentially of) an $183E substitution
mutation {EU numbering), the VL domain of L1 the multispecific antigen-binding protein comprises a

(338E substitution mutation {Kabat numbernng}, CL domain of L1 of the multispecific antigen-binding
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protein comprises {such as consists of or consists essentially of) a V133K substitution mutation {EU
numberning), the VH domain of H2 the multispecific antigen-binding protein comprises a (339E
substitution mutation (Kabat numbering}, and the VL domain of 1.2 of the multispecific antigen-binding

protein comprises a 38K substitution mutation (Kabat numbering}.

{8387]  In certam embodiments, the VH domain of Hi of the multispecific antigen-binding protein
comprises a Q39E substitution mutation {Kabat numbering}, the CH1 domain of Hl of the multispecific
antigen-binding protein comprises (such as consists of or consists cssentially of) an 5183K substitution
mutation {EU numbering), the V1 domain of L1 the multispecific antigen-binding protein comprises a
Q38K substitution mutation (Kabat numberimg), the CL domam of L1 of the multispecific antigen-
binding protein comprises (such as consists of or consists essentially of) a VI33E substitution mutation
{EU numbering}, the VH domain of H2 the muliispecific antigen-binding protein comprises a Q39K
substitution mutation {Kabat numbering}, and the VL domain of L2 of the multispecific antigen-binding

proten comprises a Q38E substitution mutation (Kabat numbering).

[0388]  In certain embodiments, the VH domain of HI of the muluspecific antigen-binding protein
comprises a Q39K substitution mutation {Kabat numbering), the VL domain of L1 the multispecific
antigen-binding protein comprises a Q38E substitution mutation (Kabat numbering), the CHI domain of
H1 of the multispecific antigen-binding protein comprises {such as consists of or congsists essentially of)
an S183K substitution mutation (EU mumbering), and the CL domain of L1 of the muitispecific antigen-
binding protein comprises (such as consists of or consists ¢ssentially of) a V133E substitution nutation

(EU numbering}.

[0389]  In certain embodiments, the VH domain of H1 of the multispecific antigen-binding protein
comprises a Q39K substitution mutation (Kabat numbering}, the CHI domain of Hi of the multispecific
antigen-binding protein comprises (such as consists of or consists essentially of) an $183K substitution
mutation {EU numbering). the VL domain of L1 the multispecific antigen-binding protein comprises a
(338E substitution mutation {Kabat numbering}, the CL domain of L1 of the multispecific antigen-
binding protein comprises (such as consists of or consists essentiatly of) a VI33E substitution mutation
(EU numbering), the VH domain of H2 the multispecific antigen-binding protein comprises a Q39E
substitution mutation (Kabat numbering}, and the VL domain of L2 of the multispecific antigen-binding

protein comprises a Q38K substitution mutation (Kabat numbering).

{8396]  In certamn embodiments, the CHI domain of HI of the multispecific antigen-binding protein
comprises a S183K substitution mutation (EU numbering), the CL domain of L1 of the multspecific
antigen-binding protein comprises a VI133E substitution mutation (EU numbering), the CHI domain of
H2 of the multispecific antigen-binding protein comprises an 5183E substitution mutation (EU

numberning), and the CL domain of L2 of the multispecific antigen-binding protein comprises a VI33K
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substitution mutation {EU numbering}. In certain embodiments, the CHI domain of H1 of the
multispecific antigen-binding protein consists of a S183K substitution mutation (EU numbering), the CL
domain of L1 of the multispecific antigen-binding protein consists of a V 133E substitution mutation (EUJ
numbering}, the CHI domain of H2 of the multispecific antigen-binding protein consists of an S183E
substitution mutation (EU numbering), and the CL domain of L2 of the multispecific antigen-binding

protein consists of a V133K substitution mutation (EU numbering).

[63%1]  In certain embodiments, the VH domain of H1 of the multispecific antigen-binding protein
comprises a Q39E substitution mutation (Kabat numbering}), the VL domain of L1 the multispecific
antigen-binding protemn compriscs a Q38K substitution mutation (Kabat numbering), the CL domain of
L1 of the multispecific antigen-binding protein comprises a V133E substitution mutation (EU
numbernng), the CH1 domain of H2Z of the multispecific antigen-binding protein comprises an S183E
substitution mutation {EU numbering), and the CL domain of L2 of the nwltispecific antigen-binding

protein comprises a V133K substitution mutation (EU numbering).

{03921  In certam cmbodiments, the CH1 domain of H1 of the multispecific antigen-binding protein
comprises a S183K substitution mutation (EU numbering), the CL domain of L1 of the multispecific
antigen-binding protein comprises a V133E substitution mutation (EU numbering), the VH domain of H2
the multispecific antigen-binding protein comprises a Q39K substitution mutation (Kabat mumbering), the
CH1 domain of H2 of the multispecific antigen-binding protein comprises an S183E substitution
mutation {EU numbering), the V1 domain of L2 of the multispecific antigen-binding protein comprises a
Q38E substitution mutation (Kabat numbering}, and the CL domain of L.2 of the multispecific antigen-

binding protein comprises a V133K substitution mutation (EU numbering).

{0393]  In certam embodiments, the VH domain of Hi of the multispecific antigen-binding protem
comprises a Q39E substitution mutation (Kabat numbering), the CHI domain of H1 of the multispecific
antigen-binding protein comprises a S183K substitution mutation (EU numbering), the VL domain of L1
the multispecific antigen-binding protein comprises a Q38K substitution mutation (Kabat numbering), the
CL. domain of L1 of the multispecific antigen-binding protein comprises a ¥V 133E substitution mutation
{(EU numbering), the VH domain of H2 the multispecific antigen-binding protein comprises a 39K
substitution mutation (Kabat numbering}, the CHI domain of H2 of the multispecific antigen-binding
protein comprises an S183E substitution mutation (EU numbering), the V1 domain of L.2 of the
multispectfic antigen-binding protein comprnises a Q38E substitution mutation (Kabat numbering), and
the CL domain of L2 of the multispecific antigen-binding protein comprises a V133K substitution

mutation {EU numbering}.

[0354]  In certain embodiments, the VH domain of HI of the maltispecific antigen-binding protein

comprises a Q39E substitution mutation (Kabat numbering), the CHI domain of H1 of the multispecific
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antigen-binding protein consists of 3 S183K substitution motation (EU numbering), the YL domain of L1
the multispecific antigen-binding protein comprises a Q38K substitution mutation (Kabat numbering), the
CL domain of L1 of the multispecific antigen-binding protein consists of a V133E substitution mutation
{(EU numbering), the VH domain of H2 the multispecific antigen-binding protein comprises a (39K
substitution mutation (Kabat numbering}, the CHI domain of H2 of the multispecific antigen-binding
protein consists of an S183F substitution mutation (EU numbering), the VL domain of L2 of the
multispectfic antigen-binding protein comprnises a Q38E substitution mutation (Kabat numberning), and
the CL domain of L2 of the multispecific antigen-binding protein consists of a V133K substitution

mutation {EU numbering}.

[0395]  In certamn embodiments, the VH domain of HI of the maltispecific antigen-binding protein
comprises a Q39K substitution mutation {Kabat numbering}, the CHI domain of HI of the multispecific
antigen-binding protein comprises a 8 183K substitution mutation (EU numbering), the VL domain of L1
the multispecific antigen-binding protein comprises a Q38E substitution mutation (Kabat numbering}, the
CL domain of L1 of the multispecific antigen-binding protein comprises a V133E substitution mutation
(EU numbering), the VH domain of H2 the multispecific antigen-binding protein comprises a $39E
substitution mutation (Kabat numbering}, the CHI domain of H2 of the multispecific antigen-binding
protein comprises an S183E substitution mutation (EU numbering), the V1 domain of L2 of the
multispectfic antigen-binding protein comprises a Q38K substitution mutation {Kabat numbering), and
the CL domain of L2 of the multispecific antigen-binding protein comprises a V133K substitution

mutation {EU numbering}.

[0396]  In certain embodiments, the VH domain of HI of the maltispecific antigen-binding protein
comprises a Q39K substitution mutation {Kabat numbering), the CHI domain of HI of the multispecific
antigen-binding protein consists of a $183K substitution mutation (EU numbering), the VL domain of L1
the multispecific antigen-binding protein comprises a Q38E substitution mutation (Kabat numbering), the
CL domain of L1 of the multispecific antigen-binding protein consists of a V133E substitution mutation
(EU numbering), the VH domain of H2 the multispecific antigen-binding protein comprises a $39E
substitution mutation {(Kabat nuwmbering), the CHI domain of H2 of the multispecific antigen-binding
protein consists of an S183E substitution mutation (EU numbering), the VL domaim of L2 of the
multispectfic antigen-binding protein comprises a Q38K substitution mutation {Kabat numbering), and
the CL domain of L2 of the multispecific anfigen-binding protein consists of a ¥V 133K substitution

mutation {EU numbering).

{0397]  In certain crbodiments, the CH1 domain of H1 of the multispecific antigen-binding protein
comprises a S183E substitution mutation (EU numbering), the CL domain of L1 of the multispecific
antigen-binding protein comprises a V133K substitution mutation {EU numbering), the CHI1 domain of

H2 ofthe multispecific antigen-binding protein comprises an S 183K substitution mutation (EU
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numbernng), and the CL domain of L2 of the multispecific antigen-binding protein comprises a VI33E

substitution mutation {EU numbering).

[0388]  In certain embodiments, the CHI domain of H1 of the multispecific antigen-binding protein
consists of a S183E substitution mutation (EU numbering), the CL domain of L1 of the multispecific
antigen-binding protein consists of a V133K substitution mutation (EU numbering), the CHI domain of
H2 of the multispecific antigen-binding protein consists of an S183K sabstitution mutation (EU
numbering ), and the CL domain of L2 of the multispecific antigen-binding protein consists of a V133E

substitution mutation {EU numbering).

[3399]  In certain embodiments, the VH domain of H1 of the multispecific antigen-binding protein
comprises a Q39E substitution mutation {Kabat numbering}, the CH1 domain of H1 of the multispecific
antigen-binding protein comprises a S183E substitution mutation (EU numbering), the VL domain of L1
the multispecific antigen-binding protein comprises a Q38K substitution mutation (Kabat numbering), the
CL domain of L1 of the multispecific antigen-binding protein comprises a V133K substitution mutation
{(EU numbering), the VH domain of H2 the multispecific antigen-binding protein comprises a (39K
substitution mutation (Kabat numberning), the CHI domain of H2 of the multispecific antigen-binding
protein comprises an S183K substitution mutation (EU numbering), the VL domain of L2 of the
multispecific antigen-binding protein comprises a (338E substitution mutation (Kabat mumbering), and
the CL domain of L2 of the multispecific antigen-binding protein comprises a V133E substitation

mutation {EU numbering).

[0406]  In certain embodiments, the VH domain of H1 of the multispecific antigen-binding protein
comprises a J39F substitution mutation (Kabat numbering), the CH1 domamn of H1 of the multispecific
antigen-binding protein consists of a SI83E substitution mutation {(EU numberning), the VL domain of L
the multispecific antigen-binding protein comprises a Q38K substitution mutation (Kabat numbering), the
CL domain of L1 of the multispecific antigen-binding protein consists of a V133K substitution mutation
{(EU numbering), the VH domain of H2 the multispecific antigen-binding protein comprises a (39K
substitution mutation (Kabat numberning), the CHI domain of H2 of the multispecific antigen-binding
protein consists of an S183K substitution mutation (EU numbenng}, the VL domain of L2 of the
multispecific antigen-binding proiein comprises a {P38E substitution mutation (Kabat numbering), and
the CL domam of L2 of the mmltispecific antigen-binding protein consists of a V133E substitution

mutation {EUJ numbering).

{8401]  In certam cmbodiments, the VH domain of H1 of the multispecific antigen-binding protein
comprises a Q39K substitution mutation (Kabat numbering}, the CHI domain of Hi of the multispecific
antigen-binding protein comprises a S183E substitution mutation (EU mumbering), the VL domain of L1

the multispecific antigen-binding protein comprises a Q38E substitution mutation (Kabat mumbering), the
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CL domain of L1 of the multispecific antigen-binding protein comprises a V133K substitution mutation
(EU numbering), the VH domain of H2 the multispecific antigen-binding protein comprises a (339E
substitution mutation (Kabat numberning), the CHI domain of H2 of the multispecific antigen-binding
protein comprises an S183K substitution mutation {EU numbening), the VL domain of L2 of the
multispecific antigen-binding protein comprises a {P38K substitution mutation {Kabat numbering), and
the CL domam of L2 of the mmltispecific antigen-binding protein comprises a V133E substitution

mutation {EUJ numbering).

[0402]  In certain embodiments, the YH domain of H1 of the multispecific antigen-binding protein
comprises a Q39K substitution mutation (Kabat numbering}, the CHI domain of Hi of the multispecific
antigen-binding protein consists of a S183E substitution mutation {(EU numbering}, the VL domain of L1
the multispecific antigen-binding protein comprises a Q38E substitution mutation (Kabat numbering}, the
CL domain of L1 of the multispecific antigen-binding protein consists of 2 V133K substitution mutation
(EU numbering), the VH domain of H2 the multispecific antigen-binding protein comprises a (Q39E
substitution metation (Kabat numbering}, the CHI domain of H2 of the multispecific antigen-binding
protein consists of an $183K substitution mutation {EU numbernng}, the VL domain of L2 of the
multispecific antigen-binding protein comprises a {P38K substitution mutation {Kabat numbering), and
the CL domam of L2 of the mmltispecific antigen-binding protein consists of a V133E substitution

mutation {EUJ numbering).

{8403]  In certam cmbodiments, the VH domain of H1 of the multispecific antigen-binding protein
comprises a Q39E substitution mutation (Kabat numbering), the VL domain of L1 the multispecific
antigen-binding protein comprises a Q38K substitution mutation (Kabat numbering), the CL domain of
L1 of the multispecific antigen-binding protein comprises a V133E substitution mutation (EU
numberning), the VH domain of H2 the multispecific antigen-binding protein comprises a (39K
substitution mutation (Kabat numberning), the CHI domain of H2 of the multispecific antigen-binding
protein comprises an S183E substitution mutation (EU nombering), the VL domain of L2 of the
multispecific antigen-binding proiein comprises a {P38E substitution mutation (Kabat numbering), and
the CL domam of L2 of the multispecific antigen-binding protein comprises a V133K substitution

mutation {EUJ numbering).

{8404]  In certam cmbodiments, the VH domain of H1 of the multispecific antigen-binding protein
comprises a Q39E substitution mutation (Kabat numbering), the VL domain of L1 the multispecific
antigen-binding protein comprises a Q38K substitution mutation (Kabat mumbering), the VH domain of
H2 the multispecific antigen-binding protein comprises a Q39K substitution mutation (Kabat mumbering),
the CH1 domain of H2 of the multispecific antigen-binding protein comprises an S183F substitution

mutation {EU numbering), the VL domain of L2 of the multispecific antigen-binding protein comprises a
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{338E substitution sntation {Kabat numbering), and the CL domain of L2 of the multispecific antigen-

binding protein comprises a V133K substitution mutation (EU numbering).

{0405]  In certain crbodiments, the VH domain of Hi of the multispecific antigen-binding protein
comprises a Q39E substitution mutation {Kabat numbering), the VL domain of L1 the multispecific
antigen-binding protein comprises a Q38K substitution mutation (Kabat numbernng), the VH domain of
H2 the multispecific antigen-binding protein comprises a Q39K substitution mutation {Kabat numbering),
the CH1 domain of H2 of the multispecific antigen-binding protein comprises an 5183 T substitution
mutation {EU numbering), the V1 domain of L2 of the multispecific antigen-binding protein comprises a
Q38E substitution mutation (Kabat numbering}, and the CL domain of L2 of the multispecific antigen-

binding protein comprises a V133K substitution mutation (EU numbering).

{0406]  In certam embodiments, the VH domain of Hi of the multispecific antigen-binding protem
comprises a Q39E substitution mutation (Kabat numbering), the VL domain of L1 the multispecific
antigen-binding protein comprises a Q38K substitition mutation (Kabat numbering), the YH domain of
HZ the multispecific antigen-binding protein comprises a Q39K substitution mutation (Kabat nurabering),
the CH1 domam of H2 of the multispecific antigen-binding protein comprises an S183Y substitution
mutation {(EU numbering), the VL domain of 1.2 of the multispecific antigen-binding protein comprises a
Q338E substitution mutation (Kabat numbering), and the CL domain of L2 of the multispecific antigen-

binding protein comprises a V133K substitution mutation {(EU numbenng).

{8407]  In certam embodiments, the VH domain of H1 of the mudtispecific antigen-binding protein
comprises a Q39E substitution mutation (Kabat numbering), the VL domain of L1 the multispecific
antigen-binding protein comprises a Q38K substitution mutation {(Kabat numbering), the CL domain of
L1 of the multispecific antigen-binding protein comprises a V133E substitution mutation (EU
numbering}, the VH domain of H2 the multispecific antigen-binding protein comprises a 39K
substitution mutation {Kabat numbering}, the CH1 domain of HZ of the multispecific antigen-binding
protein comprises an S183F substitution mutation (EU numbering), the VL domain of L2 of the
multispecific antigen-binding protein comprises a Q38E substitution mutation (Kabat numberng), and
the CL domamn of L2 of the multispecific antigen-binding protein comprises a V133K substitution

mutation (EU numbering).

{8408]  In certam embodiments, the VH domain of H1 of the multispecific antigen-binding protein
comprises a Q39E substitution muutation (Kabat numbering), the VL domain of L1 the multispecific
antigen-binding protein comprises a Q38K substitution mutation {(Kabat numbering), the CL domain of
L1 of the multispecific antigen-binding protein comprises a V133E substitution mutation (EU
numbering}, the VH domain of H2 the multispecific antigen-binding protein comprises a 39K

substitation mutation {Kabat numbering}, the CH1 domam of H2 of the multispecific antigen-binding
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protein comprises an S183T cubstitution mutation (EU numbering), the VL domain of L2 of the
multispecific antigen-binding protein comprises a Q3RE substitution mutation (Kabat numbenng), and
the CL domam of L2 of the multispecific antigen-binding protein comprises a VI33K substitution

mutation (EU numbering).

[0409]  In certain embodiments, the VH domain of Hi of the muluspecific antigen-binding protein
comprises a Q39E substitution mutation (Kabat numbering}, the VL domain of L1 the multispecific
antigen-binding protein comprises a (38K substitution mutation {Kabat numbering}, the CL domain of
L1 of the multispecific antigen-binding protein comprises a V133K substitution mutation (EU
numbenng}, the VH domain of H2 the multispecific antigen-binding protein comprises a Q39K
substitation mutation {Kabat nuombering}, the CH! domain of H2 of the multispecific antigen-binding
protein comprises an S183Y substitution mutation {(EU numbering), the VL domain of L2 of the
multispecific antigen-binding protein comprises a Q3RE substitution mutation (Kabat numbenng), and
the CL domam of L2 of the multispecific antigen-binding protein comprises a V133K substitution

mutation (EU numbering).

[0416]  In certain embodiments, the VH domain of Hi the multispecific antigen-binding protein
comprises a Q39E substitution mutation (Kabat numbermg), the CH1 domain of Hl of the multispecific
antigen-binding protein comprises an S1837 substitution mutation (EU numbering} the VL domain of L1
of the multispecific antigen-binding protein comprises a Q38K substitution mntation {Kabat numberning},
and the CL domain of L1 of the multispecitic antigen-binding protein comprises a ¥V 133K substitution
mutation {EU numbering). In certain embodiments, the VH domain of H2 the multispecific antigen-
binding protein comprises a (39K substitution mutation {Kabat numbering), the CHI domain of H2 of
the multispecific antigen-binding protein comprises an 5183K substitution mutation (EU numbering} the
V1. domain of L.Z of the multispecific antigen-binding protein comprises a Q38E substitution mutation
{Kabat numbering), and the CL domain of L2 of the multispecific antigen-binding protein comprises a

V1337 substitution mutation (EU numbering}.

[0411]  In certain embodiments, the VH domain of Hi the multispecific antigen-binding protein
comprises a Q39E substitution mutation (Kabat numbering), the CH1 domam of Hl of the multispecific
antigen-binding protein comprses an S183E substitution mutation (EU numberning) the VL domain of L1
of the multispecific antigen-binding protein comprises a Q38K substitution mutation (Kabat numbering),
and the CL domain of L1 of the multispecific antigen-binding protein comprises a V133K substitution
mutation {EU numbering). In certain embodiments, the VH domain of H2 the multispecific antigen-
binding protein comprises a Q39K substitution mutation {Kabat numbering}, the CHI domain of H2 of
the multispecific antigen-binding protein comprises an S183K substitution mutation (EU numbering) the

V1. domain of 1.2 of the multispecific antigen-binding protein comprises a Q38E substitution mutation
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{Kabat numbering), and the CL domain of 1.2 of the multispecific antigen-binding protein comprises a

V133E substitution mutation {(EU numbering}.

[0412] In certain embodiments, the VH domain of Hi the multispecific antigen-binding protein
comprises a Q39K substitution mutation {Kabat numbering), the CHI domain of Hl of the multispecific
antigen-binding protein comprises an S183E substitution mutation (EU numbering) the VL domamm of L]
of the multispecific antigen-binding protein comprises a Q338E substitution mutation (Kabat numbering),
and the CL domain of L1 of the multispecific antigen-binding protein comprises a V133K substitution
mutation {EU numbering). In certain emboduments, the VH domain of H2 the multispecific antigen-
binding protein comprises a Q39E substitution mutation {Kabat numbering}, the CH1 domain of H2 of
the multispecific antigen-binding protein comprises an 5183K substitution mutation (EU numberning) the
VL domain of L2 of the multispecific antigen-binding protein comprises a 338K substitution mutation
{Kabat numbering), and the CL. domain of L2 of the nwltispecitic antigen-binding protein comprises a

V133K substitution mutation (EU numbering).

{0413]  In certamn cmbodiments, the VH domain of Hi the multispecific antigen-binding protein
comprises a Q39K substitution mutation {Kabat numbering), the CHI domain of Hl of the multispecific
antigen-binding protein comprises an 51837 substitution mutation {EU numbering) the VL domamm of L1
of the multispecific antigen-binding protein comprises a Q338E substitution mutation (Kabat numbering),
and the CL domain of L1 of the multispecific antigen-binding protein comprises a V133K substitution
mutation (EU numbering). In certain embodiments, the VH domain of H2 the multispecific antigen-
binding protein comprises a Q39E substitution mutation {Kabat numbering}, the CH1 domain of H2 of
the multispecific antigen-binding protein comprises an 5183K substitution mutation (EU numberning) the
VL domain of L2 of the multispecific antigen-binding protein comprises a 338K substitution mutation
{Kabat numbenng). and the CL domain of L2 of the nwltispecific antigen-binding protein comprises a

V1337 substitution mutation (EU numbering).

{0414]  In certam crmbodiments, the VH domain of Hi of the multispecific antigen-binding protein
comprises a Q39E substitution mutation (Kabat numbering), the VL domain of L1 the multispecific
antigen-binding protein comprnises a Q33K substitution mutation {Kabat numbering}, the CH1 domain of
H1 of the multispecific antigen-binding protein comprises A1411E F1705, S181M, S183A, and VIZ5A
mutations (EU numbering), the CL domain of L1 of the multispecific antigen-binding protein comprises

Fl16A, L1353V, S174A, 5176F, and T178V mutations (EU numbering).

{#418]  In certam cmbodiments, the CH1 domain of HI of the multispecific antigen-binding protein
comprises AT41L, FIT08, S181M, S1834A, and VI185A mutations (EU numbering), the CL domain of L1
of the multispecific antigen-binding protein comprises F116A, L1355V, S174A, S176F, and T178V

mutations (EU numbering}, the VH domaimn of H2 the multispecific antigen-binding protein comprises a
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(339K substitution mutation (Kabat numbering}, and the VL domain of L2 of the multispecific antigen-

binding protein comprises a Q38E substitution mutation (Kabat numbering}.

[0416]  In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a Q39E substitution mutation {Kabat numbering), the VL domain of L1 the multispecific
antigen-binding protein comprises a Q38K substitution mutation (Kabat numbernng), the CH1 domain of
H1 of the maltispecific antigen-binding protein comprises A141E F1708, S181M, S183A, and VI83A
mutations (EU numbering), the CL domain of L1 of the multispecific antigen-binding protein comprises
FI16A, L135VY, S174A, S176F, and T178V mutations (EU numbering), the VH domain of H2 the
multispectfic antigen-binding protein comprises a Q39K substitution mutation {Kabat numbering), and
the VL domain of L2 of the multispecific antigen-binding protein comprises a Q38E substitution

mutation {Kabat numbering}).

[0417]  In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a Q39 substitution mutation (Kabat numbering), the VL domain of L1 the multispecific
antigen-binding protein comprises a Q38K substitution mutation (Kabat numbering), the CH1 domain of
H1 of the multispecific antigen-binding protein consists of A141L F1708, S181M, SI83A, and VI83A
mutations (EU numbering), the CL domain of L1 of the multispecific antigen-binding protein consists of
FII6A, L1355V S174A, 8176F, and T178V mutations (EU numbering), the VH domain of H2 the
multispecific antigen-binding protein comprises a (39K substitution mutation {Kabat numbering), and
the VL domain of LZ of the multispecific antigen-binding protein comprises a Q38E substitution

mutation {Kabat numbernng).

[0418]  In certain embodiments, the YH domain of H1 of the multispecific antigen-binding protein
comprises a Q39K substitution mutation {Kabat numbermg}, the VL domain of L1 the multispecific
antigen-binding protein comprises a Q38E substitution mutation (Kabat numbering}, the CHI1 domain of
H1 of the multispecific antigen-binding protein comprises Al41l, F1705, S181M., S183A, and V185A
mutations (EU numbering), the CL domain of L1 of the multispecific antigen-binding protein comprises
FLI6A, L1358V, S174A, S176F, and T178V mutations (EU numbering), the VH domain of H2 the
multispecific antigen-binding protein comprises a (339E substitution mutation (Kabat mumbering), and
the VL domain of L2 of the mulktispecific antigen-binding protein comprnses a Q38K substitution

mutation {Kabat numbering).

[0419]  In certain embodiments, the VH domain of H1 of the multispecific antigen-binding protein
comprises a Q39K substitution mutation {(Kabat numbering), the VE domain of L1 the nwltispecific
antigen-binding protein comprises a Q38K substitution mutation (Kabat numbenng), the CHI domain of
H1 of the multispecific antigen-binding protein consists of A141L F1705, S181M, 51834, and VIE3A

mutations (EU nombering), the CL domain of L1 of the multispecific antigen-binding protein consists of
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Fl16A, L1353V, 1744, S176F, and T178Y mutations {EU numbering), the VH domain of H? the
multispecific antigen-binding protein comprises a Q39E substitution mutation (Kabat numbenng), and
the VL domain of L2 of the multispecific antigen-binding protein comprises a Q38K substitution

mutation (Kabat numbering).

[0426]  In certain embodiments, the CHI domain of HI of the multispecific antigen-binding protein
comprises A141L FI1708, 5181M, S183A, and VI8SA mutations (EU numbering}, the CL domain of L1
of the multispecific antigen-binding protein comprises F116A, L135V, 5174A, S176F, and T178V
mutations (EU numbering), the CHI domain of H2 of the multispecific antigen-binding protein
comprises an S183E substitution mutation (EU numbenng), and the CL domain of L2 of the multispecific

antigen-binding protein comprises a V133K substitution motation (EU numbering).

[0421]  In certain embodiments, the CHI domain of HI of the muluspecific antigen-bindmg protein
comprigses AT41L FI1705, S181M, S§183A, and V185A mutations (EU numbering), the CL domain of L1
of the multispecific antigen-binding protein comprises F116A, L1353V, S174A ) 5176F, and T178V
mutations (EU numbering), the CHI domain of H2 of the multispecific antigen-binding protein consists
of an S183E substituion mutation (EU numbering), and the CL domain of L2 of the multispecific

antigen-binding protein consists of a V133K substitution mutation (EU numbering).

{04221  In certain embodiments, the CHI domain of H1 of the multispecific antigen-binding protein
consists of A1411, F1708, 5181M, 5183A, and V185A mutations (EU numbering), the CL domain of L
of the multispecific antigen-binding protein consists of F116A, L1353V, 51744, S176F, and T178Y
mutations (EU munbering}), the CHI domain of H2 of the multispecific antigen-binding protein consisis
of an S183E substitution mutation (EU numbering), and the CL domain of L2 of the multispecific

antigen-binding protemn consists of a V133K substitution mutation (EU numbering).

[0423]  In certain embodiments, the YH domain of H1 of the multispecific antigen-binding protein
comprises a Q39E substitution mutation (Kabat numbering), the VL domain of L1 the multispecific
antigen-binding protein comprises a 38K substitution mutation (Kabat numbering), the CHI domain of
H1 of the multispecific antigen-binding protein comprises AT41E F1705, S181M, S183A, and V183A
mutations (EU numbering), the CL domain of L1 of the multispecific antigen-binding protein comprises
FLI6A, L1385V, S174A, S176F, and T178V mutations (EU numbering), the CH1 domain of H2 of the
multispecific antigen-binding protein comprises an S183E substitution mutation (EU numbering),and the
CL domain of L2 of the multispecific antigen-binding protein comprises a V133K substitution mutation

{(EU numbering).

[0424]  In certain embodiments, the VH domain of H1 of the multispecific antigen-binding protein

comprises a Q39E substitution mutation {Kabat numbering), the VL domain of L1 the multispecific
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antigen-binding protein comprises a Q38K substitition mutation (Kabat numbering), the CHI domain of
H1 of the multispecific antigen-binding proteimn comprises Al41E F1705, S181M, SI83A, and V185A
mutations (EU numbering), the CL domain of L1 of the multispecific antigen-binding protein comprises
FLI6A, L1355V S174A, 8176F, and T178V mutations (EU numbering), the VH domain of H2 the
multispecific antigen-binding proiein comprises a Q39K substitution mutation (Kabat numbering), the
CH1 domain of H2 of the nwltispecific antigen-binding protein comprises an S183E substitution
mutation {EUJ numbering), the VL domain of L2 of the multispecific antigen-binding protein comprises a
(338E substitution mutation (Kabat mumbering}, and the CL domain of L2 of the moltispecific antigen-

binding protein comprises a V133K substitution mutation (EU numbering).

[0425]  In certam embodiments, the VH domain of HI of the maltispecific antigen-binding protein
comprises a Q39E substitution mutation (Kabat numbering), the VL domain of L1 the multispecific
antigen-binding protein comprises a Q38K substitution mutation (Kabat numbering), the CH1 domain of
H1 of the multispecific antigen-binding protem comprises A1415 F1708, SI8IM, S183A, and V185A
mutations (EU numbering), the CL domain of L1 of the multispecific antigen-binding protein comprises
FI16A L1335V S174A, S176F, and T178Y mutations (EU numbering), the VH domain of H2 the
multispecific antigen-binding proiein comprises a Q39K substitution mutation (Kabat numbering), the
CH1 domain of H2 of the multispecific antigen-binding protein consists of an S183E substitution
mutation {EUJ numbering), the VL domain of L2 of the multispecific antigen-binding protein comprises a
(338E substitution mutation {Kabat numberning}, and the CL domain of L2 of the multispecific antigen-

binding protein consists of @ V133K substitution mutation (EU numbering).

[0426]  In certam embodiments, the VH domain of HI of the maltispecific antigen-binding protein
comprises a Q39E substitution mutation (Kabat numbering}, the VL domain of L1 the multispecific
antigen-binding protein comprises a Q38K substitution mutation (Kabat numbering), the CH1 domain of
H1 of the multispecific antigen-binding protein consists of A141L F1708, S181M, SI83A, and VI83A
mutations (EU numbering}, the CL domain of L1 of the multispecific antigen-binding protein consiats of
FI16A L1335V S174A, S176F, and T178Y mutations (EU numbering), the VH domain of H2 the
multispecific antigen-binding protein comprises a Q39K substitution mutation (Kabat numbering), the
CH1 domain of H2 of the multispecific antigen-binding protein consists of an S183E substitution
mutation {EU numbering), the VL domain of L2 of the multispecific antigen-binding protein comprises a
{338E substitution snutation {Kabat numbering), and the CL domain of L2 of the multispecific antigen-

binding protein consists of a V133K substitution mutation (EU numbering).

{0427]  In certain crnbodiments, the VH domain of Hi of the multispecific antigen-binding protein
comprises a Q39K substitution mutation {Kabat numbering}, the VE domain of L1 the muitispecific
antigen-binding protein comprises a Q38E substitution mutation (Kabat numbering), the CHI domain of

H1 of the multispecific antigen-binding protem comprises A1415 F1708, SI8IM, S183A, and V185A
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mutations (EU nombenng), the CL domain of L1 of the multispecific antigen-binding proten comprises
FLI6A, L1335V, S174A, S176F, and T178Y mutations {(EU numbering), the VH domain of H2 the
multispecific antigen-binding protein comprises a Q39E substitution mutation (Kabat numbering), the
CHI domain of H2 of the multispecific antigen-binding protein comprises an S183E substitution
mutation (EU numbering), the VL domain of L2 of the multispecific antigen-binding protein comprises a
Q38K substitution mutation {Kabat numbering), and the CL domain of L2 of the multispecific antigen-

binding protein comprises a V 133K substitution mutation (EU numberning).

[0428]  In certain embodiments, the VH domain of H1 of the multispecific antigen-binding protein
comprises a Q39K substitution mutation {Kabat numbermg}, the VL domain of L1 the multispecific
antigen-binding protein comprises a Q38E substitution mutation (Kabat numbering), the CHI1 domain of
H1 of the multispecific antigen-binding protein comprises AT41E F1705, S181M, S183A, and V183A
mutations (EU numbering), the CL domain of L1 of the multispecific antigen-binding protein comprises
FLI6A, L1358V, S174A, S176F, and T178V mutations (EU numbering), the VH domain of H2 the
multispecific antigen-binding protein comprises a Q39E substitition mutation (Kabat numbering), the
CH1 domain of H2 of the multispecific antigen-binding protein consists of an 5133E substitution
mutation (EU numbering), the VL domain of L2 of the multispecific antigen-binding protein comprises a
Q38K substitution mutation {Kabat numbering), and the CL domain of L2 of the multispecific antigen-

binding protein consists of a V133K substitution mutation {(EU numbering).

[0429]  In certain embodiments, the YH domain of H1 of the multispecific antigen-binding protein
comprises a Q39K substitution mutation {Kabat numbermg}, the VL domain of L1 the multispecific
antigen-binding protein comprises a Q38E substitution mutation (Kabat numbering}, the CHI1 domain of
H1 of the multispecific antigen-binding protein consists of A141L F1708, 5181M, 5183A, and V183A
mutations (EU numbering}, the CL domain of L1 of the multispecific antigen-binding protein consists of
FLI6A, L1358V, S174A, S176F, and T178V mutations (EU numbering), the VH domain of H2 the
multispecific antigen-binding protein comprises a Q39E substitition mutation (Kabat numbering), the
CH1 domain of H2 of the multispecific antigen-binding protein consists of an 5133E substitution
mutation {EU numbering), the V1 domain of L2 of the multispecific antigen-binding protein comprises a
Q38K substitution mutation (Kabat numbening), and the CL domain of L2 of the multispecific antigen-

binding protein consists of 2 V133K substitution mutation (EU numbering).

[0438]  In certain embodiments, the CHI domam ot H1 of the multispecific antigen-binding protem
comprises AT41L F1705, S181M, S§183A, and V185A mutations (EU numbering), the CL domain of L1
of the multispecific antigen-binding protein comprises F116A, L1353V, S174A ) §176F, and TI78V
mutations (EU numbering), the CH1 domain of H2 of the multispecific antigen-binding protein
comprises an S183K substitution mutation (EU numbering), and the CL domain of 1.2 of the

multispecific antigen-binding protein comprises a ¥V 133E substitution mutation (EU numbering).
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[0431]  In certain embodiments, the CHI domam of HI of the multispecific antigen-binding protein
comprises Al41L F1708, S181M, S183A, and V183A mutations (EU numbering}, the CL domain of L1
of the multispecific antigen-binding protein comprises F116A, L1355V, S174A, 5176F, and T178V
mutations (EU mumbering), the CHI domain of H2 of the multispecific antigen-binding protein consists
of an S183K substitation mutation {EU numbering}, and the CL domain of .2 of the multispecific

antigen-binding protein consists of a V133E substitution mutation (EU numbering).

10432]  In certain embodiments, the CH1 domain of H1 of the multispecific antigen-binding protein
congists of A1411, F170S, S181M, S183A, and V185A mutations {EU numbering), the CL domain of L1
of the multispecific antigen-binding protein consists of F116A, L1353V, SI74A, S176F, and T178V
mutations (EU nombenng}, the CH1 domain of H2 of the multispecific antigen-binding protein consists
of an S183K substitution mutation (EU numbering), and the CL domain of L2 of the multispecific

antigen-binding protein counsists of a V133E substitution nwttation {EU nuwmbering).

[0433] In certain embodiments, the VH domain of H1 of the multispecific antigen-binding protein
comprises a Q39E substitution mutation {Kabat numbering), the VL domain of L1 the multispecific
antigen-binding protein comprises a Q38K substitution mutation (Kabat numbernng), the CH1 domain of
H1 of the multispecific antigen-binding protem comprises AI415 F1708, SI8IM, S183A, and V185A
mutations (EU mumbering), the CL domain of L1 of the multispecific antigen-binding protein comprises
FI16A L1335V S174A, S176F, and T178Y mutations (EU numbering), the VH domain of H2 the
multispecific antigen-binding protein comprises a Q39K substitution mutation (Kabat numbering), the
CH1 domain of H2 of the multispecific antigen-binding protein comprises an S183K substitution
mutation {EU numbering), the VL domain of L2 of the multispecific antigen-binding protein comprises a
{338E substitution sntation {Kabat numbering), and the CL domain of L2 of the multispecific antigen-

binding protein comprises a V 133E substitution mutation (EU numbering).

[0434] In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a Q39E substitution mutation {Kabat numbering), the VL domain of L1 the multispecific
antigen-binding protein comprises a Q38K substitution mutation (Kabat numbernng), the CH1 domain of
H1 of the maltispecific antigen-binding protein comprises A141E F1708, S181M, S183A, and VI83A
mutations (EU numbering), the CL domain of L1 of the multispecific antigen-binding protein comprises
FI16A, L135VY, S174A, S176F, and T178V mutations (EU numbering), the VH domain of H2 the
multispectfic antigen-binding protein comprises a Q39K substitution mutation (Kabat numbering), the
CH1 domain of H2 of the multispecific antigen-binding protein consists of an §183K substitution
mutation {EU numbering}, the VL domain of L2 of the multispecific antigen-binding protein comprises a
(338E substitution mutation {Kabat numbering}, and the CL domain of 1.2 of the multispecific antigen-

binding protein consists of a V133E substitution mutation (EU numberning).
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[0435]  In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a Q39E substitution mutation {Kabat numbering), the VL domain of L1 the multispecific
antigen-binding protein comprises a Q38K substitution mutation (Kabat numbernng), the CH1 domain of
H1 of the maltispecific antigen-binding protein consists of A41L FI708, S181M, S183A, and VIS3A
mutations (EU numbering), the CL domain of L1 of the multispecific antigen-binding protein consists of
FI16A, L135VY, S174A, S176F, and T178V mutations (EU numbering), the VH domain of H2 the
multispectfic antigen-binding protein comprises a Q39K substitution mutation (Kabat numbering), the
CH1 domain of H2 of the multispecific antigen-binding protein consists of an §183K substitution
mutation {EU numbering}, the VL domain of L2 of the multispecific antigen-binding protein comprises a
(338E substitution mutation {Kabat numbering}, and the CL domain of 1.2 of the multispecific antigen-

binding protein consists of a V133E substitution mutation (EU numberning).

[0436]  In certain embodiments, the VH domain of HI of the muluspecific antigen-binding protein
comprises a Q39K substitution mutation {Kabat numbering), the VL domain of L1 the multispecific
antigen-binding protein comprises a Q38E substitution mutation (Kabat numbering), the CHI domain of
H1 of the multispecific antigen-binding protein comprises A1411E F1705, S181M, S183A, and VIZ5A
mutations (EU numbering), the CL domain of L1 of the multispecific antigen-binding protein comprises
FI16A, L135Y, S174A, S176F, and T178Y mutations (EU numbering), the VH domain of H2 the
multispectfic antigen-binding protein comprnises a Q39E substitution mutation (Kabat numberning), the
CHI domain of H2 of the multispecific antigen-binding protein comprises an S183K substitution
mutation {EU numbering}, the VL domain of L2 of the multispecific antigen-binding protein comprises a
(338K substitution mutation (Kabat numbering), and the CL domain of L2 of the multispecific antigen-

binding protein comprises a V 133E substitution mutation (EU numbering).

{04377  In certain embodiments, the VH domain of HI of the multispecific antigen-binding protein
comprises a Q39K substitution mutation {Kabat numbering), the VL domain of L1 the multispecific
antigen-binding protein comprises a Q38E substitution mutation (Kabat numbering), the CHI domain of
H1 of the multispecific antigen-binding protein comprises A1411E F1705, S181M, S183A, and VIZ5A
mutations (EU numbering}, the CL domain of L1 of the multispecific antigen-binding protein comprises
FI16A, L1335V, S174A, 5176F, and T178V mutations (EU numbering), the VH domain of H2 the
multispecific antigen-binding protein comprises a Q39E substitution mutation (Kabat numbering)}, the
CH1 domain of H2 of the multispecific antigen-binding protein consists of an S183K substitution
mutation {EU numbering), the VL domain of L2 of the multispecific antigen-binding protein comprises a
Q38K substitution mutation {Kabat numbenng}, and the CL domain of L2 of the multispecific antigen-

binding protein consists of a V133E substitution mutation (EU numbering).

[0438]  In certain embodiments, the VH domain of HI of the muluspecific antigen-binding protein

comprises a Q39K substitution mutation {Kabat numbering), the VL domain of L1 the multispecific
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antigen-binding protein comprises a Q38E substitution mutation (Kabat numbering), the CHI domain of
H1 of the multispecific antigen-binding protein consists of AT41L F170S, S181M, S183A, and V1835A
mutations (EU numbering), the CL domain of L1 of the multispecific antigen-binding protein consists of
FII6A, L1355V S174A, 8176F, and T178V mutations (EU numbering), the VH domain of H2 the
multispecific antigen-binding protein comprises a {39 substitution mutation (Kabat numbering}, the
CH1 domain of H2 of the nwltispecific antigen-binding protein consists of an S183K substitution
mutation {EUJ numbering), the VL domain of L2 of the multispecific antigen-binding protein comprises a
(338K substitution mutation {Kabat numbering), and the CL domain of L2 of the multispecific antigen-

binding protein consists of a V133E substitution mutation (EU numbering}.

[0439]  Additional combinations of mutations in the CHI/CL interface identified by Strategy #2,
mutations in the CHI/CL interface identified by Strategy #1, and mutations in the VH and VL domains,

i.e., not limited to those described above, are also contemplated.

104461 It will be apparent to those of ordinary skill in the art that the terms “H17 and “H2” are
arbitrary designations, and that “H1” and “H2” in anv of the embodiments above can be reversed. That
is, any of the mutations above described as being n the CHI domaim and/or the VH domain of HI and
CL domain and/or the VL domain of L1 can, altematively, be in the CHI domain and/or VH domain of

H2 and the CL domain and/or VL domain of L2,
Fo Mutations

{04411  In certain embodiments, each of H1 and H2 of the multispecific antigen-binding protein
comprises an Fe region comprising a CH2 and a CH3 doman. In certain embodiments, the Fe region of
H1 and/or H2 1s IgG 1, 1gG2 or IgG4 Fe. In certain embodiments, the CH3 domains of HI and H2 ecach
meet at an interface, and each of the CH3 domains comprises an amino acid substitution such that the Fe
region of H1 preferentially pairs with that of H2 as compared to H1. In certain embodiments, the amino
acid substitutions n the CH3 domains results in greater electrostatic complementarity than wild type
without the substitutions in the CH3 domains. Methods of measuring electrostatic complementarity at
protein/protein interfaces are known in the art and described in, e.g., McCov e . (1997} 7 Mol Biol 268,
570-584; Leec er af., (2001} Protein Sc¢i. 10, 362-377; and Chau et o/ {1994} J Comp Mol Des 8, 51325,
In certain embodiments, the amino acid substitutions in the CH3 domains results in greater steric
complementarity than wild tvpe without the substitutions in the CH3 domains. Methods of measuring
slectrostatic complementarity at protein/protein interfaces are known in the art and described in, e. g,
Lawrence ef af. (1993).J Mo Biol 234, 946-950; Walls er al. (1992} J Mol Biol228, 277-297; and
Schueler-Furman ef af. (2005} Proteins 60, 187194,
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[0442]  In certain embodiments, the CH3 domains of Hl and H2 {e.g., H1 and HZ of any of the
embodiments described herein) are altered, so that within the CH3/CH3 interface, one or more anino
acid residues in the CH3 domain of Hi are replaced with one or more amino acid residues having a larger
side chain volume, thereby gencrating a protuberance {or a knob) on the surface of the CH3 domain of
H1, and one or more, preferably two or three, amino acid residues in the CH3 domain of H2 that interacts
with the CH3 domam of HI are modified and replaced with amino acid residues having a small side
chain volume, thereby generating a cavity {or a hole) on the surface ot the CH3 domain of H2 that
interacts with the CH3 domain of H1. In certain embodiments, the CH3 domains of HI and H2 {e.g., Hl
and H2 of any of the embodiments described herein} are altered, so that within the mterface one or two
amine actd restdues in the CH3 domain of H2 are replaced with an equivalent number of amine acid
residues having a larger side chain volume, thereby generating a protuberance {or a knob) within the
mterface of the CH3 domain of H2 which is positionable in a cavity {or a hole} within the surface of the
CH3 domain of Hi and the CH3 domain of H1 is altered so that within the surface of the CH3 domain of
H? that mects the interface of the CH3 domain of H2 two or three amine acid residues arc replaced with
an equivalent number of amino acid residues having a smaller side chain volume, thereby generating a
cavity within the interface of the CH3 domain of HI within which a protuberance within the mterface of
the CH3 domain of H2 is positionable In certain embodiments, the import residue with a larger side chain
volume 1s phenvlalanme (F), tyrosine (Y), arginine (R} or tryptophan {W).In certain embodiments, the
protuberance or knob mutation comprises replacement of threonine at position 366 with tryptophan,
amuno acid numbering according to the EU numbering scheme of Kabat ef of. {pp. 688-696 in Sequences
of proteins of immunological mterest, Sthed., Vol 1 {1991, NIH, Bethesda, MDY} In certain
embodiments, the import residue with a smaller side chain volume is serine (5}, alanmine (A}, valine (V).
o1 threonine (1), In certain embodiments, the onginal residue is threonime. In cortain embodiments, the
original residue is leucine. In certam embodiments , the onginal residue is tyrosine. In certain
embodiments | the import residue is not eysteing (). In one embodiment, the import residuc is alanine
{A). A cavity can be gencrated by replacing one or more original residues of the CH3 domain. For
cxample, in onc embodiment, the CH3 domain comprising a cavity comprises replacement of two or
more original amino acids selected from the group consisting of threonine, leucine and tyrosine. In
certain embodiments, the CH3 domain comprising a cavity comprises two or more import residues
selected from the group consisting of alanine, sering, threonine and valine. In cortain embodiments, the
modification for the knob mutation 1s T366W, and the modifications for the hole mutation is at least one,
or at least two of T366S, L368A, and Y407V, In certain embodiments, the moditication for the knob
mutation 13 T366W, and the modifications for the hole mutation 15 T3665, L368A, and Y407V, See, 2.2,
US 5,731,168, US 5,807,706, US 7,183,076, cach incorporated herein by reference in 1ts entirety,
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Transferability

[0443]  Although the specific anino acid modifications to CHI1 domaim of H1 and CL domain of L1
above have been described with respect to the EU numbering system, it 1s contemplated and that these
amino actd modifications are transferable to other tmmunoglobulin heavy and light chains, resulting n
similar patterns of preferential pairing of one mmunogiobulin heavy chain with one of the two

mmmunoglobulin light chains in view of the following.

[0444] The CHI/CL interface residues n the intertace between immunoglobulin heavy and light
chains are relatively well conserved (Padlan e o/, 1986, Mol. Immaunol. 23(9): 851-960}. This sequence
conservation, a result of evolutionary constraints, increases the hikelihood that functionally active
antibody binding domains will be formed duning combinatonal pairing of hight and heavy chains. Asa
result of this sequence conservation, it follows that sequence modifications noted above which drive
preferential pairing coald transfer to other heavy and light chain pairs, as this region displays high

sequence conservation across antibodies.

[0445]  In certain embodiments, the aming acid modifications described herein are transferable to the
immuonoglobulin heavy and hight chains of antibodies based on human or hamanized IgGl/x. In certain
embodiments, the amino acid modifications described herein are transferable to the immunoglobulin
heavv and light chains of antibodies based on human or humanized 1gG2/«. In certain embodiments, the
aming acid modifications deseribed herem are transferable to the immunoglobulin heavy and light chains
of antibodies based on human or humanized Ig(G3/x. In certain embodiments, the amino acid
modifications described herein are transferable to the timmunoglobulin heavy and light chains of
antibodies based on human or humanized lgG4/«. In certain embodiments, the amino acid modifications
described herein are transferable to the immunoglobulin beavy and light chains of antibodics based on
human or humanized [gAl/x. In certain embodiments, the amine actd modifications described herein are
transferable to the immunoglobulin heavy and light chains of antibodies based on human or humanize
1gAZ/k. In certain embodiments, the amino acid modifications described herein are transferable to the
mnnrmnoglobulin heavy and light chains of antibodies based on human or humanized IgD/x. In certain
embodiments, the amino acid modifications described herein are transferable to the immunoglobulin
heavy and light chains of antibodies based on human or humanized IgE/«. In certain embodiments, the
anino acid modifications described herein are transferable to the immanoglobulin heavy and light chains
of antibodics based on human or humanized IgG/x. In certain embodiments, the amino acid modifications
described herein are transferable to the immunoglobulin beavy and light chains of antibodies based on

human or humanized [gM/c.
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[0446]  In certain embodiments, the aming acid modifications described herein are transferable to the
mmmunoglobulin heavy and light chains of antibodics based on human or humanized IgG1/A. In certain
embodiments, the amino acid modifications described herein are transferable to the immunogiobulin
heavy and light chains of antibodies based on human or humanized IgG2/A. In certain embodiments, the
amino acid modifications described herein are transferable to the immunoglobulin heavy and light chains
of antibodies based on human or humanized IgG3/A. In certain embodiments, the amino acid
modifications described herein are transferable to the immunoglobulin heavy and hight chains of
antibodies based on human or humanized {gG4/A. In cortain embodiments, the amino acid modifications
described herein are transferable to the immunoglobulin heavy and light chains of antibodies based on
buman or humanized IgA /A, o cortain embodiments, the amino acid modifications described herein are
transferable to the immunoglobulin heavy and light chains of antibodies based on human or humanized
1g A2/ In certain emboduments, the amino acid modifications described herein are transferable to the
immunoglobulin heavy and light chains of antibodies based on human or humanized g/, In certain
embodiments, the amino acid modifications described herein are transferable to the immunogicbulin
heavy and light chains of antibodies based on human or humamzed IgE/A. In certain embodiments, the
amino acid modifications described herein are transferable to the immunogliobulin heavy and light chains
of antibodies based on human or humanized IgG/A. In certain embodiments, the amino acid modifications
described herein are transterable to the immunoglobulin heavy and light chains of antibodies based on
human or humanized IgM/L. In certain embodiments, the amino acid modifications described herein are
transferable to the immunoglobulin heavy and light chains of antibodies having a framework close to
germiine. In certain embodiments, the amino acid modifications described herein are transferable to the

mmmunoglobulin heavy and light chains of antibodies having canonical CL and CHI domains.

[0447]  In certain embodiments, the aming acid modifications described herem are introduced to the
immunoglobulin heavy and light chains of mouse antibodies. In certain embodiments, the amino acid
modifications described herein are introduced to the immunoglobulin heavy and light chains of
antibodics based on mouse IgG2a/%. In certain embodiments, the amino acid modifications described
herein are introduced to the immunoglobulin heavy and hight chains of antibodies based on mouse

1e(G2a/k.

[0448]  The amino acid scquence of the mousce Ig(2a constant region 1s set forth in SEQ 1D NO: 60

below:

AKTTAPSVYP LAPVCGDTTG SSVTLGCLVK GYFPEPVTLT WNSGSLSSGV HTFPAVLQOSD LYTLSSSVIV
TSSTWPSQSI TCNVAHPASS TKVDKKIEPR GPTIKPCPPC KCPAPNLLGG PSVFIFPPKI KDVLMISLSP
IVTCVVVDVS EDDPDVQISW FVNNVEVHTA QOTQTHREDYN STLRVVSALP IQHQDWMSGK EFKCKVNNKD
LPAPIERTIS KPKGSVRAPQ VYVLPPPEEE MTKKQVTLTC MVTDFMPEDI YVEWTNNGKT ELNYKNTEPV
LDSDGSYFMY SKLRVEKKNW VERNSYSCSV VHEGLHNHHT TKSFSRTPGK (SEQ ID NO: 60)
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[0449]  The amino acid sequence of the mouse kappa light chain is set forth in SEQ ID NO: 61 below:

RADAAPTVSI FPPSSEQLTS GGASVVCELN NEFYPKDINVK WEIDGSERON GVLNSWIDOD SEKD3STYSMSS

TLTLTKDEYE RHNSYTCEAT HKTSTSPIVK SEFNRNEC {(SEQ ID MO: 61}

[0458]  The amino acid sequence of the mouse lambda 1 light chain is set forth in SEQ D NG: 62

below:
GOPKSSPSVT LFPPSSEELE TNKATLVCTI TDEYPGVVTV DWKVDGTEVT QGMETTOPSK OSNNKYMAS
YLTLTARAWE RHSSYSCOVT HEGHTVEKSL SRADCS (SEQ ID NO: 62)

104511  The amino acid sequence of the mouse lambda 2 light chain is set forth in SEQ 1D NO: 63

below:

GRPKSTPTLT VEFPPISEELK ENKATLVCLI SNEFSPSGVITY AWKANGTPILT QGVDTSNPTE EGNKFMASSE

LHLTSDOWRE
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H EGDTVEKSLS PAECL ({(SEQ ID NO: 63}

[0452]  The amuno acid sequence of the mouse lambda 3 light chain 1s set forth in SEQ 1D NG: 64

below:

GOPKSTPTLT MFPPSPEELQ ENKATLVCLI SNESPSGVIV AWKANGTPIT QGVDTSNPTK EDNKYMASSE
LHLTSDOWRS HNSFTCOVIH EGDTVEKSLS PAECL (SEQ ID HCO: 64}

[0453]  In certain embodiments, the amino acid modifications that are that are transferable {such as to
any of the immunoglobulin heavy and light chains described above)comprise the following combination
of substitution mutations: position (339 (Kabat numbering) on the VH domaim of H1; position (338 on the
YL domain of L1; position Q39 {Kabat numberning} on the VH domain of H2; position 8183 (EU
numbering) on the CHI domain of H2; position Q328 (Kabat numbering} on the VL domain of L2; and

position V133 (EU numbenng} on the CL domain of 1.2,

[0454]  In certain embodiments, the amino acid modifications that are that are transferable (such as to
any of the immunoglobulin heavy and hight chains described aboveycomprise the following combmation
of substitution mutations: position 339 (Kabat numbering) on the VH domain of HI; position 5183 (EU
numbening) on the CHI domain of H1; position Q38 on the VL domain of L1; position V133 {EU
numbemlg) on the CL. domain of L1; position Q39 (Kabat numbernng) on the VH domain of H2; position
S183 (EU numbering) on the CHI domain of H2; position (938 (Kabat numbering) on the VL domain of

2; and position V133 (EU numbering} on the CL domain of L2.

{0455]  In certain embodiments, the amino acid modifications that are transferable (such as to any of
the immunoglobulin heavy and hight chamns descrnibed above) comprise (such as consist or consist
gssentially of) the following combination of substitution mutations: position Q39E (Kabat numbering} on

the VH domain of Hi: position Q38K on the VL domain of L1; position Q39K (Kabat numbering} on the
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VH domain of H2; posttion S183K (EU numbering} on the CHI domain of H2; posttion Q38E (Kabat

numbering) on the VL domain of L.1; and ¥V 133E (EU numbering) on the CL domain of L.2.

[0456]  In certain embodiments, the aming acid modifications that are transferable (such as to any of
the immunoglobulin heavy and hight chamns described above) comprise (such as consist or consist
essentially of} the following combination of substitution mutations: position Q39K {(Kabat numbering) on
the VH domain of HI; position Q38E on the VL domain of L1; position Q39E (Kabat numbering) on the
YH domain of HZ; position S183K (EU numbering) on the CH1 domam of H2; position (338K (Kabat

numbering} on the VL domain of L1; and V133E (EU numbering) on the CL domain of L2

104571  In certain embodiments, the amino acid modifications that are transferable {such as to any of
the immunoglobulin heavy and hght chains described above) comprise (such as consist or consist
essentially of) the following combmation of substitution mutations: position 339E (Kabat numbering) on
the VH domam of H1; position 338K on the VL domain of L1; position Q39K {(Kabat numbering) on the
VH domain of H2; posttion S133E (EU numberng} on the CHI domain of H2; position (338E (Kabat

numbering) on the VL domain of L1; and ¥V 133K {(EU numbering) on the CL domain of L2,

[0458]  In certain embodiments, the aming acid modifications that are transferable (such as to any of
the immunoglobulin heavy and hght chains described above) comprise (such as consist or consist
essentially of) the following combination of substitution mutations: position (339K (Kabat numbering) on
the VH domain of H1; position (338E on the VL domain of L1; position Q39E (Kabat numbering) on the
VH domain of H2; position §183E (EU numbering} on the CHI domain of H2; position Q38K (Kabat
numbering) on the VL domain of L1; and V133K (EU numbering) on the CL domain of L2,

[045%]  In certain embodiments, the amino acid modifications that are introduced to different IgG
molecules (such as to any of the immunoglobulin heavy and light chains described above) comprise a
Q39E substitution mutation {Kabat numbering) in the the VH domain of HI; a Q38K substitution
mutation {Kabat numbering) in the VL domain of 1.1, A1411, FI705, S1810M, 51834, and VI&5A
mutations (EU nombering) in the CHI domain of H1; F116A, L1355V, S174A S5176F, and T178VY
mutations (EU nombening) in the CL domain of L.1; a Q39K substitution mutation (Kabat numbering} in

the VH domain ot H2; and a Q38E substitution mutation {kabat numbering) in the VL domain of L2,

10468  In certain embodiments, the aming acid modifications that are introduced to different IgGG
molecules (such as to any of the immunoglobulin heavy and hight chaing described above) compnsc a
J39E substitution mutation (Kabat numbering) in the the VH domain of H1; compnise a Q38K
substitution mutation (Kabat numbering) in the VL domain of L1; consist of A141L F170S, S181M,
S183A, and V185A mutations {(EU numbering) in the CHI domain of H1; consist of F116A, L1335V,
S174A, S176F, and T178Y mutations (EU numbering) in the CL domain of L1, comprise a Q39K
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substitution mutation {Kabat nombering) 1n the VH domain of H2; and comprise a {38E substitution

mutation {Kabat numbering) in the V1 domain of L2

13461} In certain embodiments, the amino acid modifications that are introduced to different I
molecules (such as to any of the immunoglobulin heavy and hight chaing described above) comprise: a
39K substitution mutation (Kabat numbening) in the the VH domain of H1, a Q38E substitution
mutation (Kabat numbering) 1n the VL domain of L1, A1411 FI1708, S181M, S183A, and VIZSA
mutations (EU mumbering) in the CHI domain of HY; F116A, L1335V, S174A, §176F, and T178Y
mutations (EU numbering) in the CL domain of L1; a Q39E substitution mutation (Kabat numbering) in

the VH domain of H2; and a Q38K substitution mutation (Kabat numbering) in the VL domamn ot L.2.

[0462]  In certain embodiments, the amino acid modifications that are introduced to different igG
molecules (such as to any ot the immunoglobulin heavy and Light chains described above) compnise a
(339K substitution mutation (Kabat numbering) in the the VH domain of H1; comprise a Q38K
substitution mutation {Kabat nombening) in the VL domain of L1; consist of A141L F1708, 5181M,
81834, and V185A mutations {EU numbering) in the CHI domain of H1; consist of F116A, L1335V,
S174A, S176F, and T178Y mutations {EU numbering) in the CL domain of L1, comprise a Q39E
substitution mutation (Kabat numbering) 1o the VH domain of H2; and comprise a Q38K substitution

mutation (Kabat numbering) in the VL domain of L2.

[0463]  In certan embodiments, the amino acid modifications that are introduced to different IgG
molecules (such as to any of the immunoglobulin heavy and hght chains described above) comprise:
AT41E F1705, S181M, 51834 and V185A mutations (EU numbering)in the CHI domaie of Hi;
FI16A, L135VY, S174A, S176F, and T178V mutations {EU numbering) 1 the CL domain of L1, an
S183E substitution mutation (EU numbering) in the CH1 domain of H2; and a V133K substitution

mutation {EU numbering) in the CL domaimn of L2,

[0464]  In certain embodiments, the amino acid modifications that are introduced to different IgG
molecoles (such as to any of the immunoglobulin heavy and light chaing descnibed above) compnse
AT41L F1708, S181M, 51834, and VI85A mutations {EU numbering}in the CH1 domain of Hi;
comprise FHIGA, LI135V, 51744, S176F, and T178V mutations (EU numbering) in the CL domain of
L1, congist of an S183E substitution mutation {EU numbering) in the CHI domain of H2; and consist of a

V133K substitution mutation {EU numbering} in the CL domain of L.2.

[0465]  In certan embodiments, the amino acid modifications that are introduced to different IgG
molecules (such as to any of the immunoglobulin heavy and light chains described above) consist of
AT41E F1705, S181M, 51834 and V185A mutations (EU numbering)in the CHI domaie of Hi;
FI16A, L135VY, S174A, S176F, and T178V mutations {EU numbering) in the CL domain of L1, of an
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S183E substitution mutation (EU mumbering) in the CH1 domain of H2; and a V133K substitution

mutation {(EU numbering) in the CL domain of L2.

[0466]  In certain embodiments, the aming acid modifications that are introduced to different IgGG
maolecules (such as to any of the immunoglobulin heavy and light chains described above) comprise: a
J39E substitution mutation (Kabat numbering) in the VH domain of Hi; a Q38K substitution mutation
(Kabat numbering) in the VL domain of L1; A1411, F1705, 5181M, S183A, and V183A mutations (EU
numbering) inthe CH1 of H1; F116A, L1335V, 81744, S176F, and T178V mutations {(EU numbering) in
the CL domain of Hi: a Q39K substitution mutation {kabat numbering} in the VH domain of H2; an
S183E substitution mutation (EU numbering) in the CH1 of HZ; a Q338E substitution mutation (Kabat
numbering} in the VL domain of L2; and a V133K substitution mutation {EU numbering) in the CL

domain of L2.

[0467]  In certamn embodiments, the aming acitd modifications that are introduced to different IgG
molecoles (such as to any of the immunoglobulin heavy and hight chaing described above) comprise a
{J39E substitution mutation {Kabat numbering) in the VH domain of H1; comprise a Q38K substifition
mutation {Kabat numbering) in the VL doman of L1; comprise A1411, F1708, S181M, 51834, and
V185A mutations {(EU numbering) in the CHI of H1; comprise F1I6A, L1353V, S174A, §176F, and
T178V mutations (EU numbering} in the CL domain of H1; comprise a Q39K substitution mutation
{Kabat numbering) in the VH domain of H2; consist of an S183E substitution mutation {EU numbering)
i the CHI of HZ; comprise a Q38E substitution mutation (Kabat numbering) in the VL domain ot L.2;

and consist of a V133K substitution mutation {EU numbering) in the CL domain of L2,

[0468]  In certain embodiments, the amino acid modifications that are introduced to different igG
molecules (such as to any ot the immunoglobulin heavy and light chains described above) compnise a
(339E substitution mutation {Kabat numbering} in the VH domain of H1; compnise a Q38K substitution
mutation {Kabat numbering) i the VL domain of L1, consist of AT411, F1708, S181M, 51834, and
V185A mutations {EU numbering) in the CHI of H1; consist of F116A, L1353V, S174A, S176F, and
T178V mutations (EU numbering} in the CL domain of H1; comprise a Q39K substitution mutation
(Kabat numbering) in the VH domain of H2; consist of an S183E substitution mutation (EU numbering)
it the CHI of HZ; comprise a Q38E substitution mutation (Kabat numbering) in the VL domain of L2

and consist of a V133K substitution mutation {EU numbering) in the CL domain of L.2.

{0469]  In certain embodiments, the amino acid modifications that are introduced to different IgG
molecules (such as to any of the immunoglobulin heavy and light chains described above) comprise a
(339K substitution mutation {(Kabat numbering) i the VH domain of Hi; a Q338E substituion mutation
{Kabat numbering} in the VL domain of L1, A141L F170S, SIR1M, S§183A, and V183 A mautations (EU
numbering} in the CHI domamn of HE; F1I6A, L1358V, 51744, S176F, and T178V mutations (EUJ
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numbering) in the CL domain of L1, a Q39K substitution mutation (Kabat numbering) in the VH domain
of HZ; an 5183E substitution mutation {EU numbering) in the CHI domain of H2; a Q38K substitution
mutation {Kabat numbering) in the VL doman of £.2; and a V133K substitution mutation (EU

numbering) in the CL of L2,

{0476  In certan embodiments, the amino acid modifications that are introduced to different IgG
molecules (such as to any of the immunoglobulin heavy and heght chains described above) comprise a
Q39K substitution mutation {Kabat numbering} in the VH domain of H1; comprise a Q33E substitution
mutation {Kabat numbering) in the VL domain of L.1; comprise A1411, F1708, S181M, S183A, and
V185A mutations {(EU numbering) in the CHI domaim of H1; comprise F116A, L135V, §174A, S176F,
and T178V mutations (EU numbering) in the CL domain of L1; comprise a (39E substitution mutation
{Kabat numbering) in the VH domain of H2; consist of an S183E substitution mutation (EU numbering)
in the CH1 domain of H2; comprise a Q38K substitution mutation (Kabat numbering) in the VL. domain

of L.2; and consist of a V133K substitution mutation (EU numbering) in the CL of L2,

[0471]  In certain embodiments, the amino acid modifications that are introduced to different IgG
molecules (such as to any of the immunoglobulin heavy and hight chaing described above) comprise a
Q39K substitution mutation {Kabat numbering} in the VH domain of H1; comprise a Q38E substitution
mutation (Kabat numbering) 1n the VL domain of L1; consist of AT1411 F1705, S181M, §183A, and
Y185 A mutations {(EU sumbering) in the CHI domain of H1; consist of F118A, L1355V, S174A, 5176F,
and T178V mutations (EU numbering} in the CL domain of L1; comprisc a Q39E substitution mutation
{Kabat numbering} in the VH domain of H2; consist of an S183F substitution mutation (EU numbering)
int the CHI domain of H2; comprise a (338K substitution mutation (Kabat numbering) in the VL domain

of L2; and consist of a V133K substitution mutation (EU numbering) in the CL of L2,

(0472}  In certamn embodiments, the aming acitd modifications that are introduced to different IgG
molecoles (such as to any of the immunoglobulin heavy and hight chaing described above) comprise
AT41EL F1708, S181M, 5183A, and VI85A mutations (EU numbering) in the CHI domain of HI;
FLI6A, L1385V, S174A, S176F, and T178V mutations (EU numbering) in the CL domain of L1, an
S183K substitution mutation {EU numbering} in the CHI domain of H2, and a VI33E substitution

mutation (EU numbering) in the CL domain of L2,

{04731  In certan embodiments, the amino acid modifications that are introduced to different IgG
molecules (such as to any of the immuncglobulin heavy and hebt chains described above) comprise
ATA1L F1708, S181M, S183A, and V185A mutations (EU numbering) in the CHI domain of H;
comprise F1I6A, L1358V, S174A, S176F, and T178Y mutations (EU numbering) in the CL domain of
L1, consist of an 5183K substitution mutation {EU numbering} in the CHI domain of H2, and consist of

a V1I33E substitution mutation (EU numbering) in the CL domain of L2
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[0474]  In certain embodiments, the aming acid modifications that are introduced to different IgGG
maolecules (such as to any of the immunoglobulin heavy and light chains descrbed above) consist of
AT41E F1708, S181M, 51834, and VI5A mutations (EU numbering) n the CHI domain of HI;
FII6A, 135V, S174A, S176F, and T178V mutations (EU numbering) in the CL domain of L1, consist
of an S183K substitution mutation {EU numbering) in the CHI domain of HZ, and consist of a VI33E

substitution mutation {(EU numbering) in the CL domain of L2

13475] In certaim embodiments, the aming acid modifications that are introduced to different igGG
molecules (such as to any of the immunoglobulin heavy and light chains described above) comprise a
Q39E substitution mutation {Kabat numberng) in the VH domain of H1; a Q38K substitution mutation
{Kabat numbering} in the VL domain of L1, A141L F170S, SIR1M, S§183A, and V183 A mautations (EU
pumbering) o the CHI domain of HI; F116A L1135V, S174A 5176F, and T178V mutations (EU
numbering) in the CL domain of L1, a Q39K substitution mutation {Kabat numbering} in the VH domain
of H2, an S183K substitution mutation {EU numbering) in the CHI domain of H2, a Q38E substitution
mutation (Kabat numbering) in the VL domain of L2, and a VI33E substitution mutation (EU

numbering} in the CL domain of 1.2,

{8476]  In certain embodiments, the amino acid modifications that are introduced to different IgG
molecules (such as to any of the immunoglobulin heavy and hight chains described above) comprise a
Q39E substitution mutation (Kabat numbering) in the VH domain of H1; comprise a 338K substitution
mutation {Kabat numbering) in the VL domain of L.1; comprise A1411, F1708, S181M, S183A, and
V185A mutations {(EU numbering) in the CHI domaim of H1; comprise F116A, L135V, §174A, S176F,
and T178V mutations (EU numbering) in the CL domain of L1; comprise a Q39K substitution mutation
{Kabat numbering) in the VH domain of H2; consist of an S183K substitution sutation {EU numbering)
in the CH1 domain of H2; comprise a Q38E substitution mutation (Kabat numbering) in the VL domain

of L.2; and consist of a V133E substitufion mutation (EU numberning) in the CL domain of L2,

{0477]  In certain embodiments, the amino acid modifications that are introduced to different IgG
molecules (such as to any of the immunoglobulin heavy and hight chaing described above) comprise a
Q39E substitution mutation (Kabat numbering) in the VH domain of H1; comprise a 338K substitution
mutation {Kabat numbering) in the VL domain of L1, consist of AT411, F1705, S181M, §183A and
Y185 A mutations (EU numbering) in the CHI domain of H1; consist of F116A, L1355V, S174A, S176F,
and T178V mutations (EU numbering) in the CL domain of L1; comprise a Q39K subsiitution mutation
{Kabat numbering} in the VH domain of H2; consist of an $183K substitution mutation (EU numbering}
in the CHI domain of H2; comprise a 338K substitution mutation {Kabat numbering) in the VL domain

of L.2; and consist of a V133E substitution mutation (EU numbering) in the CL domain of L2,
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[0478]  In certain embodiments, the aming acid modifications that are introduced to different IgGG
maolecules (such as to any of the immunoglobulin heavy and light chains descrbed above) comprse a
Q39K substitution mutation {Kabat numbering} in the VH domain of H1; a Q38E substitution mutation
(Kabat numbering) in the VL domain of L1; A1411, F1705, 5181M, S183A, and V183A mutations (EU
numbering) in the CH1 domaim of HI; F116A, L1335V, S174A, §176F, and T178VY oustations {(EU
numbering} in the CL domain of L.1; a Q39E substitution mutation {Kabat numbering) in the VH domain
of H2, an S183K substitution mutation (EU numbering} in the CH1 domain of H2; a Q38K substitution
mutation {Kabat numbering) in the VL domain of £.2; and a V133E substitution mutation (EU

numberning} in the CL domain of L2,

[0479]  In certamn embodiments, the aming acitd modifications that are introduced to different IgG
molecoles (such as to any of the immunoglobulin heavy and hight chaing described above) comprise a
339K substitution mutation {Kabat numbering) in the VH domain of H1; comprise a (Q38E substitution
mutation {Kabat numbering) in the VL doman of L1, compnse A1411, F1708, S181M, 51834, and
V185A mutations {EU numbering) in the CHI domain of H1; comprise F116A, L1335V, §174A, S176F,
and TH78Y mutations {EU numbering) in the CL domain of L1, comprise a 339E substitution mutation
{Kabat numbering) in the VH domain of H2, consist of an S183K substitution mutation (EU numbering}
i the CHI domain ot H2; comprise a Q38K substitution mutation {(Kabat numbering) in the VL domain

of L.2; and consist of a V133E substitution mutation (EU numbering) in the CL domain of L.2.

{048G]  In certain embodiments, the amino acid modifications that are introduced to different igG
molecules (such as to any ot the immunoglobulin heavy and light chains described above) compnise a
339K substitution mutation (Kabat numbering) in the VH domain of HI; comprise a Q38E substitution
mutation {Kabat numbering) i the VL domain of L1, consist of AT411, F1708, S181M, 51834, and
V185A mutations {EU numbering) in the CHI domain of H1; consist of F116A, L135V, S174A, S176F,
and T178V mutations (EU numbering) in the CL domain of L1; comprise a Q39E substitution mutation
(Kabat numbering) in the VH domain of H2, consist of an S183K substitution mutation (EU numbering}
it the CHI domain of H2; comprnise a Q38K substitution mutation {Kabat numbering} in the VL domain

of L.2; and consist of a V133E substitution mutation (EU numbering) in the CL domain of L2,

{0488]  In certain embodiments, the amino acid modifications that are introduced to different IgG
molecules (such as to any of the immunoglobulin heavy and light chains described above) comprise (such
as consist or consist essentially of) the following combination of substitution mutations: L128F, Ai41M,
F170M, 51811 and SI83A mutations {EU numbering} on the CHI domain of Hl and F118V, 81317,
V133A, L135Y, S162A, T1645, 5176M, and T178L mutations (EU numbering) on the CL domain of L1

{0482]  In certain embodiments, the amine actd modifications that are introduced to different IgG

molecoles (such as to any of the immunoglobulin heavy and light chaings described above) comprise (such
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as consist or consist essentially ofy the following combination of substitution mutations: L128F, A141M,
FI70Y, S1811, 5183A, and V 185A mutations (EU numbering) on the CHI1 domain of H1 and F118V,
SI31T, VI33A, LI35F, 5162A, 5176A, and T178L mutations (EU numbering) on the CL domam of L1,

[0483]  In certain embodiments, the amino acid modifications that are introduced to different IgG
molecules (such as to any of the immunoglobulin heavy and hight chaing described above) comprise {such
as consist or consist gssentially of} the following combination of sebstitution mutations: LI128F, A141T,
FI70M, S131T, SI183A, and V1851 mutations (EU numbering) on the CHI domain of H1 and F118Y,
SI3VT, VI33A, LI35F, S162A, T1648, S1767T, and T178L mutations {EU numbering) on the CL domain
of L1.

[0484]  In certain embodiments, the amino acid modifications that are introduced to different igG
molecules (such as to any ot the immunoglobulin heavy and light chamns described above) comprise (such
as consist or consist essentially of} the following combination of substitution mutations: L128F, A141M,
F170M, S181T, and 5183 A mutations (EU numbering} on the CHI domain of H1 and F118V, 51317,
VI133A, L135F, S162M, T164S, $176M, and T178L mutations (EU numbering) on the CL domain of L1,

{0485]  In certain embodiments, the aming acid modifications that are introduced to different IgG
molecoles (such as to any of the immunoglobulin heavy and light chaing described above) comprise (such
as consist or consist essentially of) the following combination of substitution mutations: Al41, F1708,
S18IM, S183V, and V185A mutations (EU numberning) on the CHI domain of HY and FI116A, V1331,
L135V, 5162M, 5174A, S176F, and T178V mutations (EU numbering) on the CL domain of LT

[0486]  In certan embodiments, the amino acid modifications that are introduced to different IgG
molecules (such as to any of the immunoglobulin heavy and hight chains described above) comprise {(such
as congist or consist gssentially of) the following combination of substitution mutations: A1411 F170S,
SI81M, 51834, and V185A mutations (EU numbenng) on the CHI domain of Hl and F116A, $131D,
L1353V, S162A, S174A, 5176F, and T1781 mutations (EU numbering) on the CL domain of L1,

{0487]  In certain embodiments, the amino acid modifications that are introduced to different igG
molecules (such as to any ot the immunoglobulin heavy and hight chains described above) comprnise the
followimg combination of substitution mutations: A1411 F1708, S181M, S183A, and VI85A mutations
{EU numbering} on the CHI domain of H1 and F116A, L1353V, §174A 5176F, and T178Y mutations
{EU numbering} on the CL domain of L1

{0488]  In certain embodiments, the aming acid modifications that are introduced to different IgG
maolecules (such as to any of the immunoglobulin heavy and light chains descrbed above) consist of the

following combination of substitution mutations: A1411, F1708, 5181M, 5183A, and VI185A mutations
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{EU numbering} on the CHI domain of H1 and F116A, L1353V, §174A 5176F, and T178Y mutations
{EU numbering} on the CL domain of L1

[0489]  In certain embodiments, the aming acid modifications that are introduced to different IgGG
maolecules (such as to any of the immunoglobulin heavy and light chains described above) comprise (such
as consist or consist essentially of) the following combination of substitution mutations: A1411, FI70A,
SI81IM, S183V, and VI185A mutations (EU numberning} on the CHI domain of H1 and F116A, L1335V,
S162M, 51744, S176F, and T178V mutations (EU numbering) on the CL domam of L1,

{8498]  Additional combinations of mutations in the CHUCL interface identified by Strategy #2,
mutations in the CHI/CL mterface identified by Strategy #1, and mutations in the VH and VL domains,
i.e., not limited to those described above, are also contemplated. Such combinations include, but are not

hinuted to those described below:

{84911 It will be apparent to those of ordinary skill in the art that the terms “H1” and “H2” are
arbitrary designations, and that “H1” and “H2” in any of the embodiments above can be reversed. That
is, any of the mutations above described as being m the CHT domain and/or the VH domain of HI and
CL domain and/or the VL domain of L1 can, altematively, be in the CH1 domain and/or VH domain of

H2 and the CL domain and/or VL domain of L2.
Properties
Freferential Pairing/Preferential Assembly

{8492]  “Preferential pairing” describes the pairing pattern of a first polvpeptide (such as Hiy with a
second polvpepiide (such as L1) when one or more additional, distinct polvpeptides are present at the
same time as the pairing occurs between the first and second polvpeptide. Preferential pairing occurs
between, e.g., Hi and L1 of a multispecific antigen-binding protein provided herein, if the amount of the
H1-L1 heavy chain-light chain pairing is greater than the amount of the H1-L.2 pairing when H1 15 co-
expressed with at least L1, and L2, Likewise, preferential pairing occurs between, e.g., H2 and 1.2 of a
multispecific antigen-binding protein provided herem, if the amount of the H2-L2 heavy chain-light chain
painng was greater than the amount of the H2-L1 pairing when H2 is co-expressed with at least L1, and
L2. In certain cmbodiments, the preferential pairing 1s resulted from ammo acid modifications of the

YVH/VL domams and/or CHI/CL domains.

{8493]  In certam cmbodiments, the H1 of a multispecific antigen-binding protein provided herein
preferentially pairs with the L1, In certain embodiments, the H2 of a multispecific antigen-binding
protein provided hercin preferentially pairs with the L2, In certain embodiments, the Hl of a

multispecific antigen-binding protein provided herein preferentially pairs with the L1 and the HZ of the
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multispecific antigen-binding protein herein preferentially pairs with the L2, fn certain embodiments,
when H1 of a2 multispecific antigen-binding protein described herein is co-expressed with H2, L1, and
L2, the multispecific antigen-binding protein comprising the desired pairings {e.g., HI-L1 and H2-L.2} s
produced with a relative vield of at least about 30%, at least about 35%, at least about 40%, at least about
45%, at feast about 50%, at least about 55%, at least about 60%, at least about 70%, at least about 71%.
at least about 71%, at least about 72%, at least about 73%, at least about 74% , at least about 75%, at least

V]

about 76%, at least about 77%, at least about 78%, at least about 799

%, at least about 80%, at least about
81%, at lcast about 82%, at lcast about 83%, at lcast about 84%, at least about 85%, at least about 86%, at
least about 7%, at least about 88%, at least about 89%, at least about 90%, at least about 91%, at least
about 92%, at least about 93%, at least about 94%, at least about 95%, at least about 96%, at least about
979, at least about 98%, at least about 99%, or more than about 99%, including any range in between
these valugs. The relative yield of a multispecific antigen-binding protein comprising the desired pairings

{e.g.. HI-L1 and H2-L.2) can be determined using, e.g.. mass spectrometry, as described in the Examples.

[0494]  In certan embodiments, the expressed polypeptides of a multispecific antigen-binding protein
provided herein assemble with improved specificity to reduce generation of mispaired heavy chains and
bight chaing. In certain embodiments, the CHI domain of H1 of a multispecific antigen-binding protein

provided herein assembiles with the CL domain of L1 during production.

Methods of Assessing Preferential Pairing/Preferentiol Assembly

[3485]  Preferential paining and/or preferential assembly of the CHI domain of H1 with the CL domain
of L1 of the multispecific antigen-binding protein can be determined using any one of a variety of
methods well known 1o those of ordinary skill in the art. For example, the degree of preferential pairing
of the CHI domain of H1 with the CL domam of L1 n a multispecific antigen-binding protein can be
determined via Light Chaim Competition Assay (LCCA)}. International patent application
PCT/US2013/063306, filed October 3, 2013, describes various embodiments of LCCA and is herein
mcorporated by reference in its entirety for all purposes The method allows quantitative analysis of the
pairing of heavy chains with specific light chains within the mixture of co-expressed protemns and can be
used to determine if one particular immunoglobolin heavy chain selectively associates with either one of
two immunoglobulin light chains when the heavy chain and light chains are co-expressed. The method is
briefly described as follows: At least onc heavy chain and two different light chains are co-cxpressedina
cell, in ratios such that the heavy chain 1s the limiting pairing reactant; optionally separating the sccreted
proteins from the cell; separating the immenoglobulin light chain polypeptides bound to heavy chain
from the rest of the secreted proteins to produce an isolated heavy chaio paired fraction; detecting the
amount of cach different hight chain in the isolated heavy chain fraction; and analyzing the relative
amount of each different hight chain in the isolated heavy chain fraction to determine the ability of the at

least one heavy chain to selectively pair with one of the light chains.
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[0486]  In certain embodiments, preferential pairing of the CHI domain of H1 with the CL domain of
L1 of the multispecific antigen-binding protein is deternuned via mass spectrometry (such as liguid
chromatography-mass spectrometry (LC-MS) native mass spectrometry, acidic mass spectrometry, erc.}.
Mass spectrometry s used to quantify the relative heterodimer populations inclading each light chain

using differences in their molecular weight to identify each distinct species.

{8497]  In certamn embodiments, preferential pairing of the CHI domain of H1 with the CL domain of
L1 of the multispecific antigen-binding protein is determined by assaying the thermal stability of the
heavy/light chain pairs of a multispecific antigen-binding protein provided herein. The thermal stability
of a heavy/light chain pair in a multispecific antigen-binding protein can be determined according to
methods known in the art. The melting temperature of a heavy/light chain pair in a multispecific antigen-
binding protein 15 indicative of its thermal stability. The melting point of the heavy/hight chain pair may
be measured using techniques such as ditfercntial scanning calorimetry {Chen er af (2003) Pharm Res
20:1952-60; Ghirlando ef of (1999) Immunol Lett 68:47-52). Alternatively, the thermal stability of the
heavy/light chain pair may be measured using circular dichrotsm (Murray ef af. (2002} J. Chromatogr Sci

40:343-9).

{8498]  In certam embodiments, preferential pairing of the CHI domain of H1 with the CL domain of
L1of the multispecific antigen-binding protein is determined via binding affinity of the heavy/light chain
pairs for their respective targets. The on-rate and off-rate of the interaction can be determined by
competitive binding assavs according to methods well known in the art. In cortain embodiments, the
competitive binding assay is a radiotmmunoassay comprising the incubation of labeled target (e.z.. "Hor
1) with a multispecific antigen-binding protein provided herein in the presence of increasing amounts
of unlabeled target, and the detection of the multispecific antigen-binding protein bound to the labeled
target. In certain embodiments, the affinity of the multispecific antigen-binding protein for the target and

the binding off-rates can be determined from the saturation data by Scatchard analysis.

{04991  In certam cmbodiments, preferential pairing of the CHI domain of H1 with the CL domain of
L1 of the multispecific antigen-binding protein is determined by measuring kinetic parameters, such as
Ko, Ko Kows R In cortain embodiments, kinetic parameters are determined via surface plasmon
resonance {(SPR) based assays known in the art {e.g., BlAcore kinetic analysis). For a review of SPR-
based technology seeMullet er o/, 2000, Methods 22; 77-91; Dong er o/, 2002, Review in Mol. Biotech.,
82: 303-23; Fivash er a/., 1998, Current Opinion m Biotechnology 9: 97-101; Rich ef of., 2000, Current
Opinton In Bictechnology 11: 54-61. Additionally, any of the SPR instrnuments and SPR based methods
for measunng protein-protein interactions descnibed in U.S. Pat. Nos. 6,373,577, 6,289,286, 5,322,798,

5,341,215, 6,268,125 are contemplated.
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I0506]  In certain embodiments, fluorescence-activated cell sorting (FACS) 15 used to measure the
affinity of a multispecific antigen-binding protein for its target(s}, according to methods well known in
the art. Other methods of assaving preferential pairing of CHI domaimn of H1 with the CL domain of L1
are described in, e.g., WO 2014/081955, WO 2014/082179, and WO 2014/150973, which are herein

mncorporated by reference in their entireties for all purposes.

Stability

[0581]  In certan embodiments, the one or more anino acid substitution{s) present on the CHI domain
of H1 and the one or more amino acid substitution mutation(s} present on the CL of L1 do not decrease
the stability of a multispecific antigen-binding protein provided hercin. In certain embodiments, the one
or more aminog acid substitution(s} present on the CHI domain of HI, the one or more aming acid
substitution mutation{s} present on the CL of L1, the amino acid substitution mutation at position Q39
{Kabat numbering} on the VH of H1, and the amino acid substitution mutation at position (338 (Kabat
numbenng) of the VL of L1 do not decrease the stability of a multispecific antigen-binding protein
provided herein. In certain embodiments, the one or more aming acid substitution{s) present on the CH1
domain of H1, the one or more amino acid substitution mutation{s) present on the CL of L1, the amino
acid substitution mutation at position Q39 (Kabat numbering) on the VH of H1, the amino acid
substitution mutation at position (338 (Kabat numbering} of the VL of L1, the amino acid sobstitution
mutation at position 39 (Kabat numbering) on the VH of H2, and the amino acid substitution mutation
at position (38 (Kabat numbering) of the VL of L2, do not decrease the stability of a multispecific

antigen-binding protemn provided herein.

{8502]  In certam cmbodiments, the stabiity of a multispecific antigen-binding protein provided herein
1s at least about 80%, at least about 81%, at least about 82%, at least about 83%, at least about 84%, at
fcast about 85%, at least about 86%, at least about 87%, at least about 88%, at least about 89%, at least
about 90%, at least about 91%, at least about 92%, at least about 93%, at least about 94%, at least about
95%. at least about 96%., at least about 97%, at least about 98%, at least about 99%, or more than about
99% of the stability of a multispecific antigen-binding protein without the amino acid substitution

mutations.

{85303]  The stability of a multispecific antigen-binding protein can be determined using any one of a
variety of techniqoes for assessing protein stability known to those of ordinary skill in the art. For
example, circular dichroism (€D} 1s a spectroscopic technique widely that measures the absorption of
circularty polarized light. As structures such as alpha helices and beta sheets are chiral, the absorption of
circularty polarized light acts as a marker of the degree of foldedness of the protein ensemble. This
technigoe has been used to measure equilibriom unfolding of the protein by measuring the change in this

absorption as a function of temperature. The temperature at the transition midpoint, where the

142



WO 2016/172485 PCT/US2016/028850

concentration of native and denatured states is 1, is known as the melting temperature {Tm) of a protein.
Further details regarding CD are described 1o, e.g., Kelly er al. (2000) Curr Prof and Peptide Sci 1, 349-
384; Correa ef af. (2009) African J Biochem Res 3, 164-173; and Greenfield (2006) Nat Protoc. 1, 2527-
253

W

[0584]  In certan embodiments, a multispecific antigen-binding protein described herein {e.g.,
comprising the CHI/CL modifications and/or VH/VL modifications described hercin} has a melting
temperature that is no more than about 10 °C, no more than about 9.5 °C, no more than about 9 °C, no
more than about 8.5 °C, no more than about 8 °C, no more than about 7.5 °C. no more than about 7.0 °C.
no more than about 6.5 °C, no more than about 6.0 °C, no more than about 5.5 °C, no more than abowt 5.0
“(, no more than about 4 5 °C, no more than about 4 °C, no more than about 3.3 °C, no more than about 3
°C. no more than about 2.5 °C no more than about 2 °C, no more than about 1.5 °C, no more than about 1
°C., no more than about 0.5 °C, or less than about 0.5 °C lower than the Tm of a wild type muliispecific
antigen binding protemn that comprises no amino acid substitution mutations in the CHI/CL and/or
VH/VL domains. In certain embodiments, a Fab of the multispecific antigen-binding protein described
herein (e g., comprising the CHI/CL modifications and/or VH/VL modifications described hercin) bas a
melting temperature that is no more than about 10 °C, no more than about 9.5 °C, no more than about 9
°C, no more than about 8.3 °C, no more than about 8 °C, no more than about 7.5 °C, no more than about
7.0 °C, no more than about 6.5 °C, no more than about 6.0 °C, no more than about 5.5 °C, no more than
about 3.0 °C, no more than about 4.5 °C, no more than about 4 °C, no more than about 3.5 °C, no more
than about 3 °C, no more than about 2.5 °C no mere than about 2 °C, no more than about 1.5 °C, no more
than about 1 °C, no more than about 0.5 °C, or less than about 0.5 °C lower than the Tm of a Fab of a wild
type parent antibody of the multispecific antigen bindmmg protein that comprises no amino acid

substitution mutations in the CHU/CL and/or VH/VL domains.

[0505]  Alternatively, the stability of a multispecific antigen-binding protein can be deternmined using,
e.g., differential scanning calortmetry (DSC), which measures the thermodynamic parameters that control
non-covalent bond formation in proteins. Further details regarding DSC are descrnibed in, e g, lonescu ef
al. (2008) J Pharm Sci 97, 1414-1426. The stability of a multispecific antigen-binding protein can also
be determined using, e.g., differential scanming fluorimetry (DSF or thermal shift assay), which measures
the thermal stability of a target protein and the change in protein melting temperatare upon the binding of
the protein to, e.g., a igand or a second protein. Further details regarding DSF are deseribed in, e g,

Niesen, ef al. (2007) Nat Proroc 2,2212-2221.
Binding Affinity

[3506] In certain embodiments, the one or more amine acid substitution{s) present on the CHI1

domain of H1 and the one or more amino acid substitution mutation{s) present on the CL of L1 do not
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decrease the binding affinity of a multispecific antigen-binding protein provided herein to an antigen. In
certain embodiments, the one or more amino acid substitution{(s) present on the CHI domain of H1, the
one or more anuno actd substitution mutation(s) present on the CL of L1, the anuno acid substitution
mutation at position {39 (Kabat numbering) on the VH of H1, and the amino acid substitution mutation
at position €338 (Kabat numbering) of the VL of L1 do not decrease the binding affinity of a multispecific
antigen-binding protein provided hercin to an antigen. In cortain embodiments, the one or more amino
acid substitution{s} present on the CHI domain of H1, the one or more amino acid substitution
mutation(s) present on the CL of L1, the amino acid substitution mutation at posttion 39 (Kabat
numberning) on the VH of HI, the amino acid substitution mutation at position Q38 (Kabat numbering) of
the VL of L1, the amino acid substitution mutation at position Q39 (Kabat numbering) on the VH of H2,
and the amuno acid substitution mutation at position Q38 (Kabat numbering} of the VL of L2, do not

decrease the binding affinity of a multispecific antigen-binding protein provided herein to an antigen.
Methods of Measuring Binding Affinity

{0507  As noted elsewhere herein, antigen binding of a multispecific antigen binding protein provided
hercin can be assessed by measuring any one of a vanety of binding kinetic parameters, including Kd,
kon, and/or ke, Kod can be measured by using surface plasmon resonance assays using a BlAcore™-T100
or a BlAcore™-F200 (GE Healthcare, Piscataway, NI) at 25°C with immobilized target {e.g., antigen)
CMS5 chips at 100 response units {RU}. Briefly, carboxymethylated dextran bicsensor chips (CMS,
BlAcore Inc.) are activated with N-cthyi-N'- (3- dunethvianunopropyl}-carbodiimide hydrochloride
{(EDC) and N-hvdroxysuccinimide (NHS) according to the supplier's instructions. Antigen 1s diluted with
10 mM sodium acetate, pH 4.8, into Sug/mi (~0.2uM) before njection at a flow rate of 5 ul/minute to
achieve approxamately 100 response units (RU) of coupled protein. Following the injection of antigen,
1M ethanolamine is injected to block unreacted groups. For kinetics measurements, two-fold serial
dilutions of Fab {e.g., 0.78 oM to 500 nM) are injected in PBS with 0.05% Tween 20 (PBST) at 25°C ata
flow rate of approximately 23 pl/min. Association rates (ko) and dissociation rates (Kop) are calculated
using a sumple one-to-one Langmuir binding model (BlAcore Evaluation Software) by simultancous
fitting the association and dissociation sensorgram. The cquilibrium dissociation constant (Kd) is
calculated as the ratio keg'ken See, e.g, Cheneral. J. Mol Biol. 293:865-881 (1999). If the on-rate
exceeds 10°M™ 57 by the surface plasmon resonance assay above, then the on-rate can be determined by
using a fluorescent quenching technique that measures the increase or decrease in fluorescence emission
mtensity {excitation = 295 nm; emission = 340 mm, 16 nm band-pass) at 25°C of 2 20 nM anti-antigen
antibody (Fab form} in PBS, pH 7.2, in the presence of increasing concentrations of antigen as measured
in a spectrometer, such as a stop-flow equipped spectrophotometer (Aviv Instruments) or a 8000-series

SLM-Aminco spectrophotometer (ThermoSpectronic) with a stirred cuvette.
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I0508]  In certain embodiments, the Kd of a multispecific antigen binding protemn provided herein is at
feast no less than about 10%, about 15%, about 20%, about 25%, about 30%, about 35%, about 40%.
about 45%, about 50%, or more than about 50% of the Kd of a wild type binding protein comprising no

mutations at the CHI/CL interface.
Immunogenicity

{0569  In certain embodiments, a multispecific antigen-binding protein provided herein s non-
mmmunogenic or substantially non-immunogenic in 2 human. In certain embodiments, the modification
{such as one or more amino acid substitutions) of the CHI region is non-tmmunogenic or substantially
non-immunogenic in a human. In certain embodiments, the modification (such as one or more amine acid
substitutions) of the CL region is non-immunogenic or substantially non-tmmunogenic in a human. In
certain embodiments, the modification (such as one or more amino acid substitutions} of the CH1 region
does not result in a human T-cell epitope. In certain embodiments, the modification (such as one or more
aming acid substitutions} of the CL region does not result in a human T-cell epitope. The
immunogenicity a nwdtispecific antigen-binding protein provided herein can be evaluated using methods
well known 1o those of ordinary skill 1n the art. In certain embodiments, the immunogenicity a
multispecific antigen-binding protein provided herein is assessed via ELISA (see, e.g., Yinef af (2015

Cell Immunol 295 118-126). See also, e.g., Hartmann er af. (20013 Clin Cancer Res. 7, 1873-1881.
Phamacokinetic Properties

{3516 In certain embodiments, the one or more amino acid substitution{s) present on the CH1
domain of H1 and the one or more amino acid substitution mutation(s) present on the CL of L1 do not
significantly affect the pharmacokinteic properties of a maltispecific antigen-binding protein provided
herein, as compared to a multispecific antigen-binding protein that does not comprise such amino acid
substitutions. In certain cmbodiments, the one or more anino acid substitution{s) present on the CH1
domain of H1, the one or more amino acid substitution mutation(s} present on the CL of L1, the amino
acid substitution mutation at posttion Q39 (Kabat numbering} on the VH of H1, and the amino acid
substitution mutation at position Q38 {Kabat numbering) of the VL of L1 do not significantly affect the
pharmacokinteic propertics of a multispecific antigen-binding protein provided herein, as compared to a
multispecific antigen-binding protein that does not comprise such amino acid substitutions. In certan
embodiments, the one or more aming acid substitution(s) present on the CHI domain of HI, the one or
more amine acid substitution muotation{s) present on the CL of L1, the amino acid substitution mutation
at position (339 (Kabat numbering) on the VH of H1, the anmino acid substitution mutation at position
(338 {(Kabat numbering) of the VL of L1, the amino acid substitution mutation at posttion (39 (Kabat
numbering} on the VH of H2, and the amine acid substitution mutation at position (338 (Kabat

numberning) of the VL of L2, do not significantly affect the pharmacokinteic propertics of a multiapecific
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antigen-binding protein provided herein, as compared to a multispecific antigen-binding proiein that docs
not comprise such amino acid substitutions. Such pharmacokinetic propertics mclude, e.g., Cmax, AUC,
CL (i.e., drug clearance), tyo o, Vi, and V. In certain embodiments, Cmax of a multispecific antigen-
binding protein provided herein is about any one of 50%, 60%, 70%, 80%, 90%, 100%, 110%, 120%,
130%, 140%, 150%, or 160% (including any range in between these values) of a multispecific antigen-
binding protein that docs not comprise amino acid substitutions in the CHI of H1, the VH of H1, the CL
of L1, the VL of L1, the CHI of H2, the VH of H2, the CL of L2, and/or the VL of L2, In certain
embodiments, AUC of a multispecific antigen-binding protein provided herein 13 about any one of 50%,
60%, 70%, 80%, 90%. 100%, 110%, 120%, 130%, 140%, 150%, or 160% (including any rangg in
between these values) of a multispecific antigen-binding protein that does not comprise amino acid
substitutions in the CHI of HI, the VH of H1, the CL of L1, the VL of L1, the CHI of H2, the VH of H2,
the CL of L2, and/or the VL of L2, In certain embodiments, CL (i.e., drug clearance) of a multispecific
antigen-binding protein provided herein is about any one of 50%, 60%, 70%. 809%, 90%, 100%, 110%,
120%, 130%, 140%, 130%., or 160% (including any range in between these values) of a multispecific
antigen-binding protein that does not comprise anino acid substitutions in the CHI of Hi, the VH of Hi,
the CL of L1, the VL of L1, the CHI of H2, the VH of H2, the CL of L2, and/or the VL of L2, In certamn
embodiments, 1, o of a multispecific antigen-binding protein provided herein is about any one of 50%,
60%, 70%, 80%, 90%, 100%, 110%, 120%, 130%, 140%, 150%, or 160% (including any range in
between these values) of a multispecific antigen-binding protein that does not comprise amino acid
substitutions in the CHI of HI, the VH of H1, the CL of L1, the VL of L1, the CHI of H2, the VH of H2,
the CL of L2, and/or the VL of L2. In cortain embodiments, the V; of a nmultispecific antigen-binding
protein provided herein is about any one of 30%, 60%, 70%, 80%, 90%, 100%, 110%, 120%, 130%,
140%, 150%, or 160% {including any range in between these values) of a multispecific antigen-binding
protein that does not comprise amino acid substitutions in the CHI of H1, the VH of HI, the CL of L1,
the VL of L1, the CHI of H2, the VH of H2, the CL of L2, and/or the VL of L2, In certain embodiments,
the ¥, of a snultispecific antigen-binding protein provided herein is about any one of 50%, 60%, 70%,
80%, 90%, 100%, 110%, 120%, 130%, 140%, 150%, or 160% (mncluding any range in between these
values) of a multispecific antigen-binding protein that does not comprise anuno acid substifutions 1n the
CHI of H1, the VH of HI, the CL of L1, the VL of L1, the CH1 of H2, the VH of H2, the CL of L2,
and/orthe VL of L2

Mualtispecific Antibody Formats

[0511]  The multispecific antigen-binding proteins provided herein can be used with any one of a
variety of bispecific or multispecific antibody formats known in the art. Numerous formats have been

developed in the art to address therapeutic opportunities afforded by molecules with meltiple binding
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specificities. Several approaches have been described to prepare bi-specific antibodies in which specific

antibody light chains or fragment pair with specific antibody heavy chains or fragments.

{0512} For cxample, International Patent Application No. PCT/EP2011/056388 (W 2011/131746)
describes an in vitro method for gencrating a heterodimeric protein in which asynunetrical mutations are
mitroduced mto the CH3 regions of two monospecific starting proteins in order to drive directional “Fab-
arm’” or “half-molecule” exchange between two monospecific Ig(G4 or IgG4-like antibodies apon

incubation under reducing conditions.

[0513]  Schaefer er /. (Roche Dhagnostics GmbH}, describe a method to assemble two heavy and two
light chains, derived from two existing antibodies, into human bivalent bispecific 1gG antibodies without
use of artificial linkers (PINAS (201 1) 108(27): 11187-11192 and US 2009/0232811). The method
mvolves exchanging one or more heavy chain and light chain domains within the antigen-binding
fragment (Fab) of ong half of the bi-specific antibody (CrossMab). Based on the knobs-into-holes
technology that enables heterodimerization of the heavy chains, correct association of the light chains and
their cognate heavy chains is achicved by exchange of heavy-chain and light-chain domains within the
antigen binding fragment (Fab) of one half of the bispecific antibody. This “crossover” retains the
antigen-binding affinity but makes the two arms so difterent that hight-chamn mispairing can no longer
occur. See W(2009/080251, WO2009/080252, W(2009/080253, and W(2009/080254, cach

mncorporated herein by reference in its entirety.

[0514]  Knobs-into-holes is a heterodimerization technclogy for the CH3 domain of an antibody.
Previously, knobs-into-holes technology has been applied to the production of human fuli-length
bispecific antibodics with a single common light chain (LC) (Merchant ef af. “An cfficient route to
human bispecific [gG.” Nat Biotechnol. 1998;16:677-81; Jackman er o/, “Development of a two-part
strategy to identify a therapeutic human bispecific antibody that inhibits IgE receptor signaling.” § Biol
Chera. 2010;285:20850-9 3 See also WO 19956027011, which is herein incorporated by reference n its

entirety for all purposes.

I0815]  Strop ef ¢ (Runat-Plizer Inc ), describe a method of producing stable bi-specific antibodies by
cxpressing and purifying two antibodies of interest separately, and then mixing them together under

specified redox conditions (J. Mol Biol. (2012) 420:204-19).

[0516]  Other heterodimerization domain having a strong preference for forming heterodimers over
homodimers can be incorporated into the mstant multispecific antigen-binding protemns. Hustrative
examples include but are not hmited to, for example, W(O2007147901 (Kjeergaard e ol ~ Novo Nordisk:
describing tonic interactions); WO 2009089004 (Kannan ef o/ — Amgen: describing elecirostatic steering

effects); WO 2010/034605 (Christensen ef af. - Genentoch; describing coiled cotls). See also, for
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example, Pack, P. & Phlueckthun, A, Biochemistry 31, 1579-1584 (1992) describing leucine zipper or
Pack er ol Bio/Technology 11, 1271-1277 (1993} describing the belix-tum-~helix motif. The phrase
“heteromultimenzation domain” and “heterodimerization domain” are used interchangeably herein. In
certain embodiments, the multispecific antigen-binding protein comprises one or more heterodimerization

domains.

{8517  Zhu et ol (Genentech) have engineered mutations in the VL/VH interface of a diabody
constnict consisting of variant domain antibody fragments completely devoid of constant domains, and
generated a heterodimeric diabody (Protein Science (1997) 6:781-788). Sumilarly, Igawa ef of. (Chugai)
have also engineered mutations in the VL/VH interface of a single~chain diabody to promote selective
expression and inhibit conformational isomerization of the diabody (Protein Engincering, Design &

Selection {2010) 23:667-677).

[0518]  US Patent Publication No. 2009/0182127 (Novo Nordisk, Inc.) describes the gencration of bi-
specific antibodies by modifying amino acid residues at the Fe interface and at the CHL.CL interface of
light-heavy chain pairs that reduce the ability of the light chain of one pair to interact with the heavy

chain of the other pair.

I0519]  Ancther format, used for Bispecific T cell Engager (BiTE) molecules (see, ez, Wolf et vl
(2005 Drug Discovery Today 10:1237-1244)), 1s based on single chain variable fragment (scFv)
modules. An scFv consists of an antibody’s light and heavy chain varable regions fused via a flexable
linker, which generally can fold appropriately and so that the regions can bind the cognate antigen. A
BiTE concatenates two scFv’s of different specificitios in tandem on a single chain. This configuration
precludes the production of molecules with two copics of the same heavy chain variable region. In
addition, the linker configuration is designed to ensure correct pairing of the respective hight and heavy

chains.

[0528]  Reviews of various bispecific and multispecific antibody formats are provided 1n Klem er o/,
(2012) mAbs 4:6, 653-663 and Spiess ef af. (2015 “Alternative molgcular formats and therapeutic
applications for hispecific antibodies ™ Mol Immunol. Published online Jannary 27, 2015;

doi:10.1016/;.molimm . 2015.01.003.

The multispecific antigen-binding proteins described herein can be incorporated into any one of the
formats described above. In certain embodiments, the CH1/CL and VH/VL mutations described herein

can be combined with the CrossMab technology to further ensure correct heavy/light chain pairing.
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Polynucleotides, Vectors, and Host Cells
Polynucleotides

[0521]  Prowvided herein are nucleic acids encoding heavy and/or light cham constant and/or varnable
domains described hersin. In certain embodiments, an isolated nucleic acid provided herein encodes at
least one polypeptide sequence of a multispecific antigen-binding protein described herein. In certain
cmbodiments, an isolated nucleic acid provided hercin encodes at least two polypeptide sequences of a
multispecific antigen-binding protein descnibed hercin, In cortain embodiments, an 1solated nucleic acid
provided herein encodes at least thice polypeptide sequences of a multispecific antigen-binding protein
descnbed herein. In certain embodiments, an isolated nucleic acid provided herein encodes at feast four
polvpeptide sequences of a multispecific antigen-binding protein described heremn. In certain
embodiments, an i1solated nucleic acid provided herem encodes more than four polypeptide sequences of

a multispecific antigen-binding protein described heren.

{0522}  Nucleic acid molecules provided herem nclude DNA and RNA in both single-stranded and
double-stranded form, as well as the corresponding complomentary sequences. DNA ncludes, for
example, cDNA, genomic DNA, chemically synthesized DNA, DNA amplified by PCR, and
combinations thereof. The nucleic acid molecules provide herein nclude full-length genes or cDNA
maolecules as well as a combination of fragmeunts thereof. In certain embodiments, the nucleic acids
provided herein are derived from human sources. In certain embodiments, the nucleic acids provided

herein are derived from mouse sources.

{05231  As noted elsewhere herein, an “isolated” nucleic acid is a nucleic acid that has been separated
from adjacent genetic scquences present in the genome of the organism from which the nucleic acid was
1solated, in the case of nucleic acids isolated from naturally-occurring sources. In the case of nucleic
acids synthesized enzymatically from a template or chemically, such as PCR products, ¢DNA molecules,
or oligonucleotides for example, it 1s understood that the nucleic acids resulting from such processes are
isolated nucleic acids. An isolated nucleic acid molecule refers to a nucleic acid molecule in the form of

a separate fragment or as a component of a larger nucleic acid construct.

[0524]  In certain embodiments, the nucleic acids are substantially free from contaminating
endogencus material. The nucleic acid molecule has preferably been derived from DNA or RNA isolated
at least once i substantially pure form and in a quantity or concentration enabling identification,
manipulation, and recovery of its component nucleotide sequences by standard biochemical methods
(such as those cutlined in Sambrook e/ o/, Molecular Cloning: A Laboratory Manual, 2nd ed., Cold
Spring Harbor Laboratory, Cold Spring Harbor, NY (1989)). Such sequences are preferably provided

and/or constructed in the form of an open reading frame uninterrupted by internal non-transiated
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sequences, or intrans, that are typically present in sukaryotic genes. Sequences of nontransiated BNA can
be present 5” or 37 from an open reading frame, where the same do not interfere with manipulation or

expression of the coding region.

[0525]  Nucleic acid varianis are ordinartty prepared by stte specific mutagenesis of nucleotides in the
DNA encoding the polypeptide, using cassette or PCR mutagenesis or other techmques well known in the
art, to produce BNA encoding the vanant, and thereafter expressing the recombinant BNA in cell culture
as outlined herein. However, antibodies or antigen-binding fragments thereof comprising vanant CDRs
having up to about 100-130 residues may be prepared by m vitro synthesis using established technigues.
The variants typically exhibit the same qualitative biological activity as the naturally occurring analogue,

e.g., binding to antigen, although vartants can also be selected which have modified characteristics.

[0526]  As will be appreciated by those in the art, due to the degeneracy of the genetic code, an
extremely large number of nucleic acids may be made, all of which encode the CDRs and heavy and light
chains or other components of a multimeric antigen-binding protein described herein. Thus, having
identified a particular amino acid sequence, those skilled in the art could make any number of different
nucleic acids, by simply modifving the sequence of one or more codons in a way which does not change

the amine acid sequence of the encoded multimeric antigen-binding protemn,

Vectors

(05271  Provided are expression systems and constructs in the form of plasouds, expression vectors,
transcription or expression cassettes which comprise at least one polynucieotide described herein. In
certain embodiments, a plasmid, expression vector, transcription or expression cassctte provided herein
comprises a polvnucieotide encoding at least one polypeptide {e.g., a tirst heavy chain, a first light chain,
a second heavy chain, or a second light chain} of a multispecific antigen-binding protein provided hercin.
In certain embodiments, a plasmid, expression vector, transcription or expression cassette provided herein
comprises a polyvaucleotide encoding at least two polypeptides {e.g., a first heavy chain and a first light
chain, or a second heavy chain and a second light chauy) of a multispecific antigen-binding protein
provided herein. In certain embodiments, a plasmid, expression vector, transcription or expression
cassette provided herein comprises a polvnoclectide encoding at least four polypeptides {e.g., a first
heavy chain, a first light chain, a second heavy chain, and a second light chain} of a multispecific antigen-

binding protein provided herein.

[3528]  Typically, expression vectors used in the host cells will contain sequences for plasmid
maintenance and for cloning and cxpression of exogenous nucleotide sequences. Such sequences,
collectively referred to as “flanking sequences,” m certain embodiments will typically mnclude one or
more of the following nucleotide sequences: a promoter, ong or more enhancer sequences, an origin of

replication, a transcriptional termination sequence, a complete mtron sequence contaiming 3 donor and
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acceptor sphice site, a sequence encoding a leader sequence for polypeptide secretion, a ribosome binding
site, a polvadenvlation sequence, a polvlinker region for inserting the nucleic acid encoding the
polypeptide to be expressed, and a selectable marker element. Each of these sequences 1s discussed

below.

{05281  Optionally, the vector may contain a “tag -encoding sequence, i.¢., an oligonucleotide
molecule typically located at the 5° or 37 end of the polypeptide coding sequence; the oligonucleotide
sequence encodes polyHis (such as hexaHis (SEQ ID NO: 66)), or another “tag” such as FLAG, HA
(hemaghutinin mfluenza virus), or myve, for which commercially available antibodics exast. This tag is
typically fused to the polypeptide upon expression of the polypeptide, and can serve as a means for
affinity purification or detection of the polypeptide from the host cell. Affinity purification can be
accomplished, for example, by column chromatography using antibodics against the tag as an affinity
matnix. Optionally, the tag can subsequently be removed from the purified polypeptide by various means

such as using certain pephidases for cleavage.

[0536]  Flanking sequences may be homologous (7.e., from the same species and/or strain as the bost
cell), heterologous (i.e., from a species other than the host cell species or strain), hvbnd (ie.,a
combination of flanking sequences from more than one source}, synthetic or native. As such, the source
of a flanking sequence may be any prokarvotic or cukarvotic organism, any vertebrate or invertcbrate
organism, or any plant, provided that the flanking scquence is functional in, and can be activated by, the

host cell machinery.

{0531} Flanking sequences useful m the vectors provided herein may be obtained by any of several
methods well known in the art. Typically, flanking sequences useful herein will have been previously
identified by mapping and/or by restriction endonuclease digestion and can thus be 1solated from the
proper tissue source using the appropriate restriction endonucicases. In some cases, the full nuclectide
sequence of a flanking scquence may be known. Here, the flanking sequence may be synthesized using

the methods described herein for nucleic acid synthesis or cloning.

{05321 Whether all or only a portion of the flanking sequence 1s known, it may be obtained using
polymerase chain reaction (PCR) and/or by screening a genomic library with a suitable probe such as an
chigonucleotide and/or flanking sequence fragment from the same or another species. Where the flanking
sequence is not kanown, a fragment of DNA containing a flanking sequence may be isolated from a larger
picce of DNA that may contain, for exarmple, a coding sequence or even another gene or gences. Isolation
may be accomplished by restriction endonuclease digestion to produce the proper DNA fragment
followed by 1solation using agarose gel purification, QGiagen® colunm chromatography (Chatsworth,
CA}, or other methods known to the skilled artisan. The selection of suitable enzymes to accomplish this

purpose will be readily apparent to one of ordinary skill in the art.
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[0533]  Anorigin of replication is typically a part of those prokaryotic expression vectors purchased
commercially, and the origin aids in the amplification of the vector in a host cell. If the vector of choice
does not contain an onigin of replication site, one may be chenmucally synthesized based on a known
sequence, and ligated into the vector. For example, the origin of replication from the plasmud pBR322
{New England Biolabs, Beverly, MA} 13 suitable for most gram-unegative bacteria, and various viral
origins {e.g., SV40, polyoma, adenovirus, vesicular stomatitis virus {(VSV), or papillomaviruses such as
HPV or BPV) are useful for cloming vectors in mammalian cells. Generally, the ongin of replication
component is not nceded for mammalian expression vectors {for example, the §V40 origin is often used

only because it also contains the viras early promoter).

[0534] A transeription termination sequence s typically located 37 to the end of a polypeptide coding
region and serves to terminate transcription. Usually, a transcription termination sequence in prokaryotic
cells is a G-C rich fragment followed by a poly-T sequence. While the sequence is easily cloned from a
library or even purchased commercially as part of a vector, it can also be readily synthesized using

methods for nucleic acid synthesis such as those described herein,

{8535] A sclectable marker gene encodes a protein necessary for the survival and growth of a host cell
grown in a selective culture medium. Typical selection marker genes encode proteins that {a) confer
resistance to antibiotics or other toxins, e.g., ampicillin, tetracycline, or kanamyvcin for prokaryotic host
cells; (b} complement auxotrophic deficiencies of the cell; or {¢) supply crtical nutrents not available
from complex or defined media. Specific sclectabie markers are the kanamycin resistance gene, the
ampicillin resistance gene, and the tetracveline resistance gene. Advantageously, a neomyein resistance

gene may also be used for selection i both prokarvotic and eukaryotic host cells.

[0336]  Other sclectable genes may be used to amplify the gene that will be expressed. Amplification is
the process wherein genes that are required for produoction of a protein critical for growth or cell sarvival
arg reiterated in tandem within the chromosomes of successive generations of recombinant cells,
Examples of suitable selectable markers for mammalian cells include dihydrofolate reductase (DHFR)
and promoterless thymidine kinase genes. Mammalian cell transformants are placed under selection
pressure wherein only the transformants are uniquely adapted to survive by virtue of the selectable gene
present in the vector. Selection pressure is imposed by celturing the transformed cells under conditions in
which the concentration of sclection agent in the medium is successively increased, thereby leading to the
amplification of both the selectable gene and the DNA that encodes another gene, such as an antibody
Light or heavy chain. As a result, increased quantities of a polypeptide are synthesized from the amplified

DNA.

[0537] A ribosome-binding site is usually necessary for translation mnitiation of mRNA and is

characterized by a Shine-Dalgamo sequence (prokaryotes) or a Kozak sequence (eukaryotes). The
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clement is typically located 37 to the promoter and 37 o the coding sequence of the polypeptide to be
cxpressed. In ceriain embodiments, one or more coding regions may be operably Iinked to an intemal
ribosome binding site (IRES), allowing translation of two open reading frames from a single RNA

transcript.

[0538]  In some cases, such as where glyvcosviation 15 desired i a eukaryotic host cell expression
system, one may manipulate the varicus pre- or prosequences to improve glycosyvlation or vield. For
example, one may alter the peptidase cleavage site of a particular signal peptide, or add prosequences,
which also may affect glvcosviation. The final protein product may have, in the -1 position (relative to
the first amino acid of the mature protein) one or more additional amino acids incident to expression,
which may not have been totally removed. For example, the final protein product may have one or two
aming acid residues found in the peptidase cleavage site, attached to the amino-terminus. Alternatively,
use of some enzyme cleavage sites may result in a slightlv truncated form of the desired polypeptide, if

the enzyme cuts at such area withun the mature polvpeptide.

{05391 Expression and cloning vectors provided hercin will typically contain a promoter that is
recognized by the host organism and operably linked to the molecule encoding the polypeptide.
Promoters are untranscribed sequences located upstream {(f.e., 57) to the start codon of a structural gene
{generally within about 100 to 1000 bp) that control transcription of the structural gene. Promoters are
conventionally grouped into one of two classes: inducible promoters and constitfutive promoters.
Inducible promoters inttiate increased ievels of transcription from DNA under their control in respounse to
some change in culture conditions, such as the presence or absence of a nutrient or a change in
temperature. Constitutive promoters, on the other hand, wniformly transcribe gene to which they are
operably linked, that is, with hittle or no control over gene expression. A large number of promoters,
recognized by a variety of potential host cells, are well known. A suitable promoter 1s operably linked to
the DNA encoding e.g., heavy chamn or light chain, by removing the promoter from the source DNA by

restriction enzyme digestion and inserting the desired promoter sequence into the vector.

{0546]  Suitable promoters for use with veast hosts are also well known n the art. Yeast enhancers are
advantageously used with veast promoters. Suitable promoters for use with mammalian host cells are
well known and include, but are not limited to, those obtained from the genomes of viruses such ag
polvoma virus, fowlpox virus, adenovirus (such as Adenovirus 2), bovine papilloma virus, avian sarcoma
virus, cyvtomegalovirus, retroviruses, hepatitis-B virus and most preferably Simian Virus 40 (SV40).
Other suitable mammalian promoters inchude heterologous mammalian promoters, for example, heat-

shock promoters and the actin promoter.

[0541]  Additional promoters which may be of interest tnclude, but are not limited to: SV40 garly

promoter {Benoist and Chambon, 1981, Nature 290:304-310); CMV promoter (Thomsen e/ o/, 1984,
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Proc. Natl. Acad. UK A 81:659-663); the promoter contained in the 37 long terminal repeat of Rous
sarcoma virus {(Yamamoto er af., 1980, Cell 22:787-797); herpes thynudine kinase promaoter (Wagner ef
al., 1981, Proc. Natl. Acad. 5¢i. U.S AL 78:1444-1445); promoter and regulatory sequences from the
metallothionein gene Prinster er af., 1982, Nature 296:39-42); and prokarvotic promoters such as the
beta-lactamase promoter (Villa-Kamaroff ef af | 1978, Proc. Natl. Acad. Sei. U.S. A 75:3727-3731% or
the tac promoter (DeBoer ef ¢l ., 1983, Proc. Natl. Acad. Sci. U5 A 80:21-23). Also of interest are the
following animal transcriptional control regions, which exhibit tissue specificity and have been utilized in
transgenic animals: the elastase I gene control region that s active in pancreatic acinar cells (Swiftef g/,
1984, Cell 38:639-646; Omutz et oo, 1986, Cold Spring Harbor Symp. Quant. Biol. 50:399-409,
MacDonald, 1987, Hepatology 7:425-515); the insulin gene control region that is active in pancreatic
beta cells (Hanahan, 1985, Nature 315; 115-122); the immunoglobulin gene control region that 1s active
in lymphotd cells (Grosschedl er of |, 1984, Cell 38:647-638; Adames ef o/ , 1983, Nature 318:533-538;
Alexander ef af., 1987, Mol. Cell. Biol. 7:1436-1444); the mouse mammary tumor virus control region
that 18 active in testicular, breast, lvmphoid and mast cells (Leder er af ., 1986, Cell 45:485-495); the
albumin gene control region that is active m hiver {Pmkert ef o/, 1987, Genes and Devel. 1 :268-276); the
alpha-feta-protein gene control region that is active in hiver (Krumiauf er o/, 1985, Mol. Cell. Biol.
5:1639-1648; Hammer ef o/, 1987, Science 253:53-58); the alpha l-antitrypsin gene control region that
is active in liver (Kelsey ef o/, 1987, Genes and Devel. 10 161-171); the beta-globin gene control region
that is active i myeloid cells (Mogram ef o/, 1985, Nature 315:338-340; Kolhas er o/, 19846, Cell 46:39-
94); the myelin basic protein gene control region that is active in oligodendrocyie cells in the brain
{Readhead er oo/, 1987, Cell 48:703-712); the myosin light chain-2 gene control region that is active in
skeletal muscle (Sani, 1985, Nature 314:283-286}; and the gonadotropic releasing hormone gene control

region that is active in the hypothalamus (Mason ef ¢/, 1986, Scicnce 234: 1372-1378).

13542}  An enhancer sequence may be inserted into the vector to increase transcription of DNA
encoding a hght chain or a heavy champrovided herein by higher cukarvotes. Enhancers are cis-acting
clements of DNA, usually about 10-300 bp in length, that act on the promoter to mcerease transcripfion.
Enhancers are relatively onentation and position independent, having been found at positions both 57 and
3 to the transcription unit. Several enhancer sequenaes available from mammalian genes are known {e.g.,
globin, elastase, albumin, alphafeto-protein and insulin). Typicallv, however, an enhancer from a virus is
used. The SV40 enhancer, the cvtomegalovirus early promoter enhancer, the polvoma enhancer, and
adenovirus enhancers known i the art are exemplary enhancing elements for the activation of cukaryotic
promoters. While an enhancer may be positioned in the vector either 537 or 37 to a coding sequendce, it is
typically located at a site 57 from the promoter. A sequence cncoding an appropriate native or
heterologous signal sequence (leader sequence or signal peptide) can be incorporated into an exprossion
vector, to promote extracellular secretion of the multispecific antigen-binding protein. The choice of

signal peptide or leader depends on the type of host cells in which the multispecific antigen-binding
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protein is to be produced, and a heterologous signal sequence can replace the native signal sequence.
Examples of signal peptides that arc functional in manunalian host cells include the following: the signal
sequence for interleukin-7 (11.-7) described in US Patent No. 4,963,195; the signal sequence for
nterleukin-2 receptor described in Cosman ef o/ 1984, Nature 312:768; the interleukin-4 receptor signal
peptide described in EP Patent No. 0367 566; the type | intericukin-i receptor signal peptide described in
U5, Patent No. 4,968.607; the type 1 interieukin- { receptor signal peptide described in EP Patent No. 0
460 846,

{0543}  The vector may contain one or more clements that facilitate expression when the vector is
mtegrated into the host cell genome. Examples include an EASE clement (Aldrich ef ¢/, 2003 Biotechnol
Prog. 19: 1433-38) and a matrix attachment region (MAR). MARs mediate structural organization of the
chromatin and may insulate the integrated vector from “position” effect. Thus, MARs are particularly
usefid when the vector is used to create stable transtectants. A number of natural and synthetic MAR-
containing nucleic acids are known in the art, ez, U8, Pat. Nos. 6,239,328; 7,326,567, 6,177,612,

6,388,066, 6,245,974, 7,259,010, 6,037,525, 7,422,874, 7,129,062.

[0544]  Expression vectors provided herein may be constructed from a starting vecior such as a
commerecially available vector. Such vectors may or may not contain all of the desired flanking
sequences. Where one or more of the flanking sequences described herein are not already present i the
vector, they may be individually obtained and ligated mto the veotor. Methods used for obtaining cach of

the flanking sequences are well known to one skilled in the art.

13545]  Afier the vector has been constructed and a nucleic acid molecule encoding a light chain, a
heavy chain, or a light chain and a heavy chain sequence has been inserted into the proper site of the
vector, the completed vector may be ingerted into a suitable host celi for amplification and/or polypeptide
expression. The transformation of an expression vector into a selected host cell may be accomplished by
well-known methods including transfection, infection, calcium phosphate co-precipitation,
clectroporation, microinjection, hipofection, DEAE-dextran mediated transfection, or other known
technigues. The method selected will in part be a function of the type of host cell to be used. These
methods and other suitable methods are well known to the skilled artisan, and are set forth, for example,
i Sambrook ef of , 2001, supra. In cortain embodiments, one or more vectors capable of expressing a
first heavy chain, a first light chain, a second heavy chain and a first light chain are introduced into a host

cell.

Host Cells

[0346]  In addition, provided are host cells comprising the expression systems or constructs described
above. In certain embodiments, the multispecific antigen-binding protein is expressed from a single host

cell. A host cell, when cultured under appropriate conditions, synthesizes multispecific antigen-binding
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protein that can subsequently be collected from the cultore medinm {if the host cell secretes it into the
medium} or directly from the host cell producing it (if it 15 not secreted). The selection of an appropriate
host cell will depend upon various factors, such as desired expression levels, polypeptide modifications
that are desirable or necessary for activity {sach as glvcosylation or phosphoryiation} and ease of folding

1o a biologically active molecule. A host cell may be eukaryotic or prokaryotic.

(05477 Mammalian cell lines available as hosts for expression are well known 1n the art and include,
but are not limited to, immortalized cell lines available from the American Type Culture Coliection
{ATCC) and any cell lines used in an expression system known in the art can be used to make the
recombinant polypeptides provided herein. In general, host cells are transformed with a recombinant
expression vector that comprises DNA encoding a desired multispecific antigen-binding protein. Among
the host cells that may be emploved are prokaryotes, veast or higher eukarvotic cells. Prokaryotes include
gram negative or gram positive organisms, for example E. coli or bacilli. Higher cukaryotic cells mclude
msect cells and established cell lines of mammalian origin. Examples of suitable mammalian host cell
lings melude the CO5-7 line of monkey kidney cells (ATCC CRL 1651 {Ghuzman ef ol ., 1981, Cell
23:175), L cells, 293 cells, C127 cells, 3T3 cells (ATCC CCL 163}, Chimese hamster ovary {({CHO) cells,
or their derivatives such as Veggie CHO and related cell lines which grow in serum-free media
{Rasmussen ef ¢, 1998, Cytotechnology 28: 313, Hela cells, BHK (ATCC CRL10) cell lines, and the
CVIEBNA cell line denved from the African green monkey kidney cell line CVI{ATCC CCL 70) as
described by McMahan er o/, 1991, EMBG 1. 10: 2821, human embryonic kidnev cells such as 293, 293
EBNA or MSR 293 human epidermal A431 cells, human Colo205 cells, other transformed primate cell
lines, normal diploid cells, cell straing derived from in vitro culture of primary tissue, primary explants,
HL-60, U937, HaK or Jurkat cells. Optionally, mammalian cell lines such as HepG2/3B, KB, NIH 3T3 or
546 for example, can be used for expression of the polypeptide when it is desirable to use the
polvpeptide in various signal transduction or reporter assays. Alternatively, it 1s possible to produce the
polvpeptide i lower cukarvotes such as veast or in prokaryotes such as bacienia. Suitable veasts include
Saccharomyces cerevisiae, Schizosaccharomyces pombe, Kiuyveromyces strans, Candida strawns, Pichia
strains, or any veast strain capable of expressing heterclogous polypeptides. Suitable bacterial strains
mechude Fscherichia coft, Bacilius subrilis, Salmonelia tvphinurium, or any bacterial strain capable of

expressing heterologous polypeptides.

[0548]  In certain embodiments, provided is a cell line expressing a multispecific antigen-binding
protein described herein. In certain embodiments, the cell line is a prokaryotic cell fine. In certain
embodiments, the cell line 1s an E. coli cell line. In certain embodiments, HCL, LCY, HO2, and LC2 are
coexpressed i the same prokarvotic cell. In certain embodiments, HCL, LCL, HC2, and LC2 arg
coexpressed m the same E. colt cell. In certain embodiments, HCY, LCY, HC2, and LC?2 are coexpressed

1 the same cukaryotic cell. In certain embodiments, the cell line is an eukaryotic cell line. In certain
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embodiments, the cell line is a stable cell line. In certain embodiments, the stable cell inc isa
mammalian cell line. In certain embodiments, the stable cell line 1s a CHO cell line. In certain
embodiments, at least about 85%, about 86%, about 87%. about 889, about 89%, about 909, about 91%,
about 92% about 93%, about 94%, about 95%, abowt 96%, about 97%, about 98%, about 99%, or more
than about 99% of the multispecific antigen-binding protein expressed by the stable cell ling is correctly
assembled (.e., whercin LCI is paired with HC1, and wherein LC2 15 paired with HC2). Stable cell ling
can be generated by methods known m the art. In certam embodiments, the stable cell line is generated by
random or targeted mtegration of polymucestide(s) expressing HCL, LCY, HC2, and LC2 into the host

cell genome.

[0849]  If the multispecific antigen-binding protein made i yeast or bacteria, it may be desirable to
modify the product produced therein, for example by phosphorylation or glvcosylation of the appropriate
sites, in order to obtain a functional product. Such covalent attachments can be accomplished using
known chemical or enzymatic methods. A polypeptide can also be produced by operably linking the
tsolated nucleic acid provided herein to suitable control sequences in one or more insect expression
vectors, and employing an nsect exprogsion system:. Materials and methods for baculovirus/insect cell
expression systoms are commercially available in kit form from, e g | Invitrogen, San Diego, Calif |
U8 A (the MaxBac kit), and such methods are well known in the art, as descnibed in Sumumers and
Smith, Texas Agricuitural Experiment Station Bulletin No. 1555 (1987), and Luckow and Summers,
Big/Technology 6:47 (1988). Cell-free translation systems could also be emploved to produce
polvpeptides, such as antibodics or fragments, using RNAs derived from nucleic acid constructs
disclosed herein. Appropriate cloning and expression vectors for use with bacterial, fungal, yeast, and
mammahian ceilular hosts are described by Pouwels ef of. (Clonmg Vectors: A Laboratory Manual,
Elsevier, New York, 1985). A host cell that comprises an isolated nucleic acid provided herein,

preferably operably linked to at lcast one expression control sequence, is a “recombinant host cell”.

[0550]  In certain embodiments, cell hines may be selected through determining which cell lings have

high expression levels and constitutively produce multispecific antigen-binding proteins with the desired
binding properties. In another embodiment, a celi line trom the B cell lineage that does not make its own
antibody but has a capacity to make and secrete a heterologous multispecific antigen-binding protein can

be selected.

Production and Purification of Multispecific Antigen-binding Proteins

Culturing Host Cells

13551]  In certain embodiments, provided is a method of producing a meltispecific antigen-binding

protein described herein comprising (a) introducing a st of polyvmucieotides encoding H1, HZ, 1.1, and L2
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into a host cell; and (b} colturing the host cell to produce multispecific antigen-binding protein. In certain
cmbodiments, the poly nucleotides encoding L1 and L.2 are introduced into the host cell at a
predetermined ratio {e.g., a molar ratio or a weight ratio). In certain embodiments, polynucicotides
encoding L1 and L2 are mntroduced into the host cell such that the ratio {e.g., a molar ratio or a weight
ratio)y of L1:L2 1s about 1.1, about 1:1.5, about 1.2, about 1:2.5, about 1:3, about 1:3.5, about 1:4, about
1:4.5, about 1:5, about 1:3.5, about 1.5:1, about 2:1, about 2.5: 1, about 3:1, about 3.5: 1, about 4:1, about
4.5:1, about 5.1, orabout 5.5:1, , mcluding any range n between these values. In cerfain embodiments,
the ratic 1s a molar ratio. In certain embodiments the ration is a weight ratio. In certam embodiments, the
polviucleotides encoding Hi and H1 are introduced into the host cell at a predetermined ratio {e.g.. a
maolar ratio or a weight ratio}. In certain crmbodiments, polvoucleotides encoding H1 and H2 are
mntroduced mto the host cell such that the ratio {e.g., a molar ratio or a weight rato) of HI:H2 15 about
11, about 115 about 1.2, about 125, about 1.3, about 1.3.5, about 1.4, about 1:4.5, about 115, about
1:35, about 1.5:1, about 2:1, about 2.5: 1, about 3:1, about 3.5:1, about 4:1, about 4.5: 1, about 5.1, or
about 5.5:1, including any range in between these values. In certain cmobodiments, the ratio is molar
ratio. In certain embodiments the ration is a weight ratio. In certain embodiments, the polvnucleotides
encoding Hi, H2, L1 and L2 are introduced into the host cell at a predetermined ratio {e.g., a molar ratio
or a weight ratio}. In certain embodiments, polynuclestides encoding H1, H2, L1, and L2 are introduced
into the host celf such that the ratic {e.g., a molar ratio or a weight ratio) of H1 + H2 . L1 + L2 is about
5:1, about 5:2, about 5:3, about 5:4, about 1.1, about 45, about 3:5, about 2.5, or about 1.5, including any
range in between these values. In certain embodiments, polynucleotides encoding LCYH, LCZ, HCL, and
HC?2 are introduced into the host cell such that the ratio {e.2., a molar ratio or a weight ratic) of
LCLLCZHCEHCZ 1sabout 1:1:1: 1, about 2.8 1: 101, about 1.4:1: 121, about 1:1.4:1:1, about 1:2.8:1:1,
about 1:1:2.8:1, about 1:1:1.4:1, about 1:1:1:2.8, or about 1. 1:1:1.4, including anv range in between
these values. In certain embodiments, the ratio 1s molar ratio. In certain embodiments the rationis a

weight ratio.

[0352]  In certain embodiments, the method of producing a multispecific antigen-binding protein
further comprises determining an optimal ratio of the polynucleotides for introduction nto the cell. In
certain embodiments, mass spectrometry is used to determine multispecific antigen-binding protein vield
{such as bispecific antibody vield), and optimal chain ratio is adjusted to maximize multispecific antigen-
binding protein vield (such as bispecitic antibody vield). In certain embodiments, dual antigen ELISA 15
used to determine multispecific antigen-binding protein vield (such as bispecific antibody vield), and
optimal chain ratio is adjusted toc maximize vield. In certain embodiments, the method of producing a
multispecific antigen-binding protein further comprises harvesting or recovering the multispecific
antigen-binding protein from the cell culture. In certain embodiments, the method of producing a
multispectfic antigen-binding protein further comprises punifying the harvested or recovered

multispecific antigen-binding protemn.
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[0553]  The host cells used to produce a desired multispecific antigen-binding protein (such as
bispecific antibody) provided herein may be cultured in a variety of media. Commercially available
media such as Ham’s F10 (Sigma), Minimal Essential Medium ((MEM), {(Sigma}), RPMI-1640 (Sigma),
and Dulbecco’s Modified Eagle™s Medium ((DMEM), Sigma) are suitable for culturing the host cells. In
addition, any of the media described 10 Ham ef al, Meth Fnz. 538:44 (1979), Barmes ef ol., Anal

Riochem 102:255 (1980}, U.S. Pat. Nos. 4,767,704, 4,657 866, 4,927,762, 4,560,655, or 5,122,469, WO
50/03430;, W0 87/00195;, or U.S. Patent Re. 30,983 may be used as culture media for the host cells. Any
of these media may be supplemented as necessary with hormones and/or other growth factors (such as
msubin, transferrin, or epidermal growth factor), salts (such as sodium chlonde, calcivm, magnesium, and
phosphate), buffers (such as HEPES), nucleotides (such as adenosine and thymidine), antibiotics (such as
GENTAMY CIN™ drug), trace clements {defined as inorganic compounds usually present at final
concentrations in the micromolar range}, and ghucose or an equivalent energy source. Any other
necessary supplements may also be mcluded at appropnate concentrations that would be known (o those
skilled 1n the art. The culture conditions, such as temperature, pH, and the like, are those previously used

with the host cell selected for expression, and will be apparent to the ordinanly skilled artisan.
Harvesting or Recovering and Purifying Multispecific Antigen-binding Proteins

[3584] Inarelated aspect, provided is a method of producing a multispecific antigen-binding protein
descnbed herein comprising culturing a host cell described above under conditions that allow expression
of the multispecific antigen-binding protein and recovering (such as harvesting) the multispecific antigen-
binding protein. In certain embodiments, the method further comprises purifving the recovered
multispectfic antigen-binding protein (such as a bispecific antibody) to obtain a preparation that is

substantially homogeuncous, e.g., for further assayvs and uses.

[0835] A multispecific antigen-binding proteins provided herein can be produced miracelhdarly, or
directly secreted into the medium. If the muoktispecific antigen-binding protein is produced intracellularly,
as a first step, the particulaie debris, either host celis or bysed fragments, are removed, for example, by
centrifugation or ultrafiliration. Where the multispecific antigen-binding protein is secreted nto the
mediom, supermatants from such expression systems are generally first concentrated using a
commercially available protein concentration filter, for example, an Amicon or Millipore Pellicon
ultrafilteation unit. A protease inhibitor such as PMSF may be included in any of the foregoing steps to

mhibit proteolysis and antibiotics may be mcluded to prevent the growth of adventitious contaminants.

[0556]  Standard protein purification methods known in the art can be emploved to obtain substantially
homogeneous preparations of a nultispecific antigen-binding protein from cells. The tollowing
procedures are exemplary of suitable purification procedures: fractionation on immuncaffinity or ion-

exchange colunms, ethanol precipitation, reverse phase HPLC, chromatography on silica or on a cation-
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exchange resin such as DEAE, chromatofocusing, SDS-PAGE, ammonium sulfate precipitation, and gel

filtration using, for example, Sephadex G-75.

105577  Additionally or alternatively, a multispecific antigen-binding protein prepared can be purified
using, for example, hydroxvapatite chromatography, gel electrophoresis, dialysis, and affinity

chromatography, with affinity chromatography being the preferred punfication techmgue.

[(558] In certain aspects, the preparation dertved from the cell culture medium as deseribed above is
applhied onto the Protein A immobilized solid phase to allow specific binding of the multispecific antigen-
binding protein of interest to Protein A. The solid phase is then washed to remove contaminants non-
specifically bound to the schid phase. The multispecific antigen-binding protein (such as a bigpecific
antibody) is recovered from the solid phase by clution info a solution containing a chaoctropic agent or
mild detergent. Exemplary chaotropic agents and mild detergents include, but are not limited o,
Guamdine-HC, urea, ithium perclorate, Arginine, Histidine, SDS (sodium dodecyl sulfate}, Tween,

Trton, and NP-40, all of which are commercially available.

{0559]  The suitability of protein A as an affinity ligand depends on the species and isotype of any
mmmunoglobulin Fe domain that 1s present in the multispecific antigen-binding protein. Protein A can be
used to purtfy anttbodies that are bascd on human v1, vZ, or y4 beavy chains (Lindmark er al., J.
Immunol. Meth. 62:1-13 (1983)). Protein G is recommended for all mouse isotypes and for human v3
{Guss ef al., EMBOJ 515671575 (1986)). The matrix to which the affimity Hgand is attached 1s most
often agarose, but other matrices arc avauable. Mechanically stable matrices such as controlied pore
glass or polv{(styrenedivinvibenzene allow for faster flow rates and shorter processing times than can be
achieved with agarose. Where the multispecific antigen-binding protein comprises a Cp3 domain, the
Bakerbond ABX™yesin (J. T, Baker, Phullipsburg, NI} is useful for punification. Other technigues for
protein purtfication such as fractionation on an ion-¢xchange column, cthanol precipitation, Reverse
Phase HPLC, chromatographyv on silica, chromatography on heparin SEPHAROSE™ chromatography on
an amion or cation exchange resin (such as a polyaspartic actd column), chromatofocusing, SDS-PAGE,
and ammoniwm sulfate precipitation are also available depending on the multispecific antigen-binding

protein to be recovered.

0368  Following any preliminary purification step(s), the mixture comprising a multispecific antigen-
binding protein of interest and contaminants may be subjected to low pH hydrophobic interaction
chromatography using an elution buffer at a pH between about 2.5-4.5, preferably performed at low salt
concentrations {e.g., from about 0-0.25M salt). The production of the multispecific antigen-binding
proteins can alternatively or additionally (to any of the foregomg particular methods) compnse dialyzing

a solution comprising a mixture of the polypeptides.
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Libraries of Multispecific Antigen-binding Proteins

[0361]  Provided herein are hibraries comprising a plurality of multispecific antigen-binding proteins
described herein. In certain embodiments, the library is a polvnucleotide library (such as a plurality of
any of the polynucleotides described herein). fo certain embodiments, the hibrary is a polypeptide ibrary
{such as a plurality of any of the polvpeptides described herein). In certain embodiments, a polvpeptide
library provided herein 1s a polvpeptide display library. Such polypeptide display hibraries can be
screened to select and/or evolve binding proteins with desired properties for a wide variety of utilities,
mcluding but not limited to therapeutic, prophylactic, veterinary, diagnostic, reagent, or material

applications.

[0562]  In certain embodiments, provided are libraries comprising at least 2, 3, 4, 5, 10, 30, 100, 250,
500, 750, 1000, 2300, 3000, 7500, 10000, 25000, S0000, 75000, 100000, 250000, 360000, 750000,
1000000, 2500000, 5000000, 7500000, 10000000, or more than 10000000 different multispecific
antigen-binding proteins, cach comprising an aming acid substitution mutation at position 5183 (EU
numbering) on the CHI domain of H1 and an amino acid substitution mutation at position V133 (EU
numberning) on the CL domaim of L1, Additionally or alternatively, the muluspecific antigen-binding
proteins m the library comprise a CH1 domain of HI comprising (including consisting of and consisting
gssentially ofy A141], F1705, SIZIM, 5183V, and V185A mutations (EU nombering), and a CL domain
of L1 comprising (including consisting of or consisting essentially of) F116A, V133L L1135V, 5162M,
S174A, S176F, and T178Y mutations {EU numbering). Additionally or alternatively, the multispecific
antigen-binding protemns in the hibrary comprise a CHY domain of Hl comprising (including consisting of
and consisting essentially of} A1411, F1708, SI181M, S183A, and V185A mutations (EU numbenng} and
a CL domam of L1 comprising (including consisting of or consisting essentially ofy F116A, §1310,
L1335V, S162A, S174A, S176F, and T1781 mutations (EU numbering). Additionallv or alicmatively, the
multispecific antigen-binding proteins in the hibrary comprise CH1 domain of HI comprsing (ncluding
consisting of and consisting essentially of) A141E F1705, §181M, 51834, and V185A mutations (EU
numbering) and a CL domain of L1 comprising {including consisting of or consisting essentially of}
FI16A, L135VY, S174A, S176F, and T178V mutations {EU numbering). Additionally or alternatively,
the multispecific antigen-binding proteins in the library comprise a CHI domain of H1 comprising
{mchiding consisting of and consisting essentially of) A141H, F170A, S181M, S183V, and VI185A
mutations (EU numbering} and a CL domain of L1 comprising (including consisting of or consisting
essentially of) F116A, L1355V, S162M, §174A, 5176F, and T178V mutations (EU numbering).
Additionally or alternatively, the multispecific antigen-binding proteins in the brary comprise a CHI
domain of H1 comprising {including consisting of and consisting essentially ofy L128F, A141M, F170M,
51811 and 5183 A mutations (EU munbering) and a CL domain of L1 comprising (including consisting of

or congisting essentially of) F118V, S131T, VI33A, Li33Y, S162A, Tie4s S176M, and T178L
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mutations (EU numberning}. Additionally or altematively, the multispecific antigen-binding proteins in
the hibrarv comprise a CHI domain of Hi comprising (including consisting of and consisting cssentially
ofy L128F, A141n, F170V, S1811, 5183A, and V 183 A mutations (EU numbering) and a CL domain of
L1 comprising (ncluding consisting of or consisting essentially ofy F118V, §131T, VI33A, L135F,
S162A, 8176A, and T178L mutations (EU numbering). Additionally or alternatively, the multispecific
antigen-binding proteins in the hibrary comprise a CHY domain of H1 comprising (including consisting of
and consisting essentially ofy L128F, AI41T, FI70M, S181T, S183A, and VI85L mutations (EU
numbering) and a CL domain of L1 comprising (including consisting of or consisting essentially of)
FL18Y, S1317T, VI33A, L135F, 5162A, T1645, 517671, and T178L mutations {EU numbering).
Additionally or alternatively, the multispecific antigen-binding protcins in the library comprise a CHI
domain of Hi comprising {including consisting of and consisting essentially of) L128F, A141M, F170M,
S181T, and S183A mutations (EU mumbering), and a CL domain of L1 comprising (nclading consisting
of or consisting essentially of) F118V, SI131T, V1334, L135F, 5162M, T164S, S176M, and T178L

mutations (EU numbering).

[3563]  Additionally or alternatively, the multispecific antigen-binding proteins in the library comprise
a CHI domain of Hi comprising (including consisting of and consisting essentially of} F1708S, S181M,
S183A, and V185A mutations (EU mumbering) and a CL domain of L1 comprising (including consisting
of or consisting essentially of) L1353V, S174A, §176F, and T178V mutations (EU numbering).
Additionally or alternatively, the multispecific antigen-binding proteins in the hibrary comprise a CHI
domain of H1 comprising (including consisting of and consisting essentially of) A1411, F1705, 5183A,
and V185A mutations {(EU numbering} and a CL domain of L1 comprising (including counsisting of or
consisting essentially of) F116A, 51744, S176F, and T178V mutations (EU numbering). Additionally or
alternatively, the multispecific antigen-binding proteins in the library comprise a CHI domain of H1
comprising {including consisting of and consisting cssentially ofy A141L F170S, S181M, and VI35A
mutations (EU numbering) and a CL domain of L1 comprising (including consisting of or consisting
essentially of) F116A, L1355V, 5176F, and T178V mutations (EU numbering). Additionally or
alternatively, the multispecific antigen-binding proteins in the library comprise a CHI domain of H1
comprising (including consisting of and consisting essentially of) A141L FI1705, S181M, and S183A
mutations (EU numbering) and a CL. domain of L1 comprising (including cousisting of or consisting
essentially of) F116A, L1355V, S174A, and S176F mutations (EU numbenng}. Additionally or
alternatively, the multispecific antigen-binding proteins in the ibrary comprise a CHI domain of H1
comprising {including congisting of and consisting essentially of) F1705, S183A, and V1835A mutations
(EU numbering} and a CL domain of 1.1 comprising {(including consisting of or consisting essentially of)
F116A, 5176F, and T178V mutations (EU numbering). Additionally or alternatively, the multispecific
antigen-binding protemns in the hibrary comprise a CHY domain of Hl comprising (including consisting of

and consisting essentially of} F1708, S181M, and VI85A mutations (EU numbering) and a CL domain of
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L1 compnsing {including consisting of or consisting essentially of) F116A, L135V, and 5176F mutations
(EU numbering}. Additionally or alternatively, the multispecific antigen-binding proteins in the library
comprise a CH1 domain of H1 comprising (including consisting of and consisting cssentially of) F1708,
S181M, and S183A mutations (EU numbering) and a CL domain of L1 comprising {(including consisting
of or consisting essentially of) F116A and 8176F mutations (EU numbering). Additionally or
alternatively, the multispecific antigen-binding proteins in the library comprise a CHI domain of H1
comprising (includimg consisting of and consisting essentially of) A141L F1708, and V185A mutations
{(EU numbering} and a CL domain of L1 comprising (inclading consisting of or consisting essentially of}
F116A and S176F mutations. Additionally or alternatively, the multispecific antigen-binding proteins in
the librarv comprise a CHI domain of H1 comprising (including consisting of and consisting cssentially
of) A1411, F1708, and 5183 A mutations (EU numbering) and a CL domain of L1 compnsing (including
consisting of or consisting essentially of) F116A and S176F mutations. Additionally or alternatively, the
multispecific antigen-binding proteins in the library compiise a CHI domain of H1 comprising (including
consisting of and consisting essentially of) A1411 F1708, and S181M mutations (EU nwmbering) and a
CL domam ot L1 comprising (including consisting of or consisting essentially of) F116A, L1353V,
S174A, S176F, and T178V mutations EU numbering). Additionally or alternatively, the multispecific
antigen-binding proteins in the hibrary comprise a CH1 domam of H1 comprising (including consisting of
and consisting essentially of} F1708 and V185A mutations (EU numbering) and a CL domain of L1
comprising {(including consisting of or consisting cssentially of) F116A and $176F mutations.
Additionally or alternatively, the multispecific antigen-binding proteins in the Ubrary comprise a CHI
domain of H1 comprising {including consisting of and consisting essentially ofy A141H and F1705
mutations (EU mumbering) and a CL domain of L1 comprising {including consisting of or consisting
essentially of) F116A, L135V, 8174A, S176F, and T178V mutations (EU numbering). Additionally or
alternatively, the multispecific antigen-binding proteins in the library comprise a CHI domain of Hl
comprising {including consisting of and consisting essentially of} an F1705 mutation (EU nombering),
and a CL domain of L1 comprising (including consisting of or consisting cssentially of} F116A, L1335V,
81744, S176F, and T178Y mutations {EU numberning}.  Additionally or altematively, the multispecific
antigen-binding proteins in the library comprise a CHI domain of H1 comprisig (including consisting of
and consisting cssentially of) an F1708 mutation (EU numbering), and a CL domain of L1 comprising
(including consisting of or consisting essentially ofy) F116A, L1335V, 5176F, and T178V mutations (EU
numbering). Additionally or altermatively, the multispecific antigen-binding proteins in the hibrary
comprise a CHI domain of H1 compnising (including consisting of and consisting essentially of) an
F1708 mutation (EU numbering) and a CL domain of L1 comprising (including consisting of or
consisting essentially of) F116A, L1355V, S174A and S176F mutations (EU numbermmg}. Additionally or
alternatively, the multispecific antigen-binding proteins in the library comprise a CHI domain of Hi
comprising {(including consisting of and consisting esscuntially of} an F170S mutation (EU numbering)

and a CL. domain of L1 comprising (including consisting of or consisting essentially of) F116A, S176F,
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and T178V mutations (EU numbering). Additionally or alternatively, the multispecific antigen-binding
proteins m the library comprise a CH1 domain of HI comprising (including consisting of and consisting
essentially of) an F1708 mutation (EU numbering) and a CL domain of L1 comprising (including

consisting of or consisting essentially ofy F116A, L1135V, and 5176F mutations (EU numbering}.

[0564]  Additionally or alternatively, the multispecific antigen-binding proteins in the hibrary comprise
a CHI domain of H1 comprising (including consisting of and consisting essentially of) an F1705
mutation {EU numbering) and a CL domain of L1 comprising (including consisting of or consisting
cssentially of) F116A and S176F mutations (EU numbering}. Additionally or alternativelv, the
multispectfic antigen-binding proteins in the library comprise a CHI domain of H1 compnising (including
consisting of and consisting essentially of} A1411F and F1705 mutations (EU numbering) and a CL
domain of L1 comprising {including consisting of or consisting essentially of) F116A, L135V, 8176F,
and T178V mutations (EU numbering). Additionally or alternatively, the multispecific antigen-binding
proteins m the library comprise a CHI1 domain of H1 comprising (including consisting of and consisting
essentially of) Al411 and F1708 mutations (EU numbering) and a8 CL domain of L1 comprising
(including consisting of or consisting essentially ofy F116A, L1355V, §174A, and 5176F mutations (EU
numbering). Additionally or alternatively, the muiltispecific antigen-binding proteins in the library
comprise a CHI domain of H1 comprising (including consisting of and consisting essentially of) A1411
and F1708 mutations (EU numbermg) and a CL domain of L1 comprising (including consisting of or
consisting essentially of) F116A, S176F, and T178V mutations (EU numbering). Additionally or
alternatively, the multispecific antigen-binding proteins in the library comprise a CHI domain of Hi
comprising {including consisting of and consisting essentiallv of) A1411 and F170S mutations (EU
numbering) and a CL domain of L1 compnising {including consisting of or consisting essentially of)
FI16A, L135V, and S176F mutations (EU numbering). Additionally or alternatively, the multispecific
antigen-binding proteins in the library comprise a CHI domain of H1 comprising (inciuding consisting of
and consisting ¢ssentially ofy Al411 and F1705 mutations (EU numbering) and a CL domain of L1
comprising {(including consisting of or consisting essentially of) Fil6Aand S176F mutations (EU

numbering}.

[(0365] Additionally or altematively, the multispecific antigen-binding proteins in the hibrary
comprise an amino acid substitution mustation at position 39 (Kabat mumbering) on the VH domain of
H1 and an amino acid substitution nutation at position Q38 (Kabat numbering on the V0 domain of
L1 Additionally or altematively, the multispecific antigen-binding proteins in the library comprise an
anmino acid substitution mutation at position Q39 (Kabat numbernng} on the VH domain of H2 and an

anino acid substitution mutation at position Q38 {Kabat numbering on the VL domain of L2.

{0566  In certain embodiments, provided are libraries comprising at least 2, 3, 4, 5, 10, 30, 100, 250,

504, 750, 1000, 2500, 5000, 7500, 10000, 25000, 50000, 75000, 100000, 2530000, 500000, 750000,
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1000000, 2500000, 5000000, 7500000, 10000000, or more than 10000000 multispecific antigen-binding
proteins provided herein having unique sequences in their complementarity determining regions (CDRS),
mncluding any range n between these values. In certain embodiments, the multispecific antigen-binding
protein library has a sequence diversity of about 2, about 5, about 10, about 30, about 100, about 250,
about 300, about 750, about 10°, about 10°, about 10°, about 10°, about 107, about 10%, about 10°, about
10" about 10, about 10", about 107, about 10", or more than about 10" (such as about 10" or about

p 14 . . .
107}, including any range in between these values.

[0567]  In certain embodiments, a multispecific antigen-binding protein library is gencrated via genetic
enginecering. A varety of methods for mutagenesis and subsequent Iibrary construction have been
previously described (along with approprniate methods for screening or selection). Such mutagenesis
methods inchide, but are not imited to, e.g., error-prone PCR, loop shuffling, or oligonuclestide-directed
mutagenesis, random nucleotide insertion or other methods prior to recombination. Further details
regarding these methods are described 1, e.g., Abou-Nadler et of. (2010) Bicengineered Bugs 1, 337-
340; Firth er af. (2005) Bioinformatics 21, 3314-3313; Cinno ef al. (2003) Methods Mol Biol 231, 3-9;
Pirakatikulr (2010 Profein Sci 19, 2336-2346; Steffens ef ol (20073 J. Biomol Tech 18, 147-149; and
others. Accordingly, in certain embodiments, provided are multispecific antigen-binding protein hibraries

generated via genctic engineering technigues.

{8568]  In certamn embodiments, a muiltispecific antigen-binding protein library is generated via in vitro
translation. Buicfly, in vitro translation entails cloming the protein-coding sequence(s) into a vector
containing a promoter, producing mRNA by transcribing the cloned sequence(s) with an RNA
polvimerase, and synthesizing the protein by translation of this mBNA in virre, e g., using a ccli-frec
extract. A desired mutant protein can be generated simply by altering the cloned protein-coding
sequence. Manv mRNAs can be translated efficiently in wheat germ extracts or in rabbit reticulocyie
tysates. Further details regarding i vitro translation are described in, e. g, Hope er af. (1985) Celi 43,
177-188; Hope ef of. (19863 Cell 46, 885-894; Hope er of. (1987 EMBO J. 6, 2781-2784; Hope ef af.
{1988} Noture 333, 635-640; and Mcklion ef al. (1984} Nucl. Acids Res 12, T057-7070.

[8569]  Accordingly, provided is a plurality of nucleic acid molecules encoding a polyvpeptide display
bibrary described hercin. An expression vector operably linked to the plurality of nucleic acid molecules

18 also provided herein.

{05781  In certain embodiments, a multispecific antigen-binding protein library is gencrated via
chemical synthesis. Methods of solid phase and hquid phase peptide synthesis are wel known in the art
and described in detail in, e.g., Methods of Molecular Biology, 35, Peptide Svnthesis Protocols, (M. W.
Penmington and B. M. Dunn Eds), Springer, 1994; Welsch ef of. {2010} Curr Opin Chem Biol 14, 1-15;
Methods of Enzymology, 289, Sohid Phase Peptide Synthesis, (G B. Fields Ed )}, Academic Press, 1997,

B
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Chemical Approaches to the Synthesis of Peptides and Proteins, (P. Lloyvd-Williams, F. Albericio, and E.
Giralt Eds), CRC Press, 1997, Fmoc Solid Phase Peptide Synthesis, A Practical Approach, (W. C. Chan,
P. D. White Eds), Oxford University Press, 2000; Solid Phase Synthesis, A Practical Guide, (8. F. Kates,
F Albericio Eds), Marcel Dekker, 2000; P. Seneci, Solid-Phase Synthesis and Combinatorial
Technologies, John Wiley & Sons, 2000, Synthesis of Peptides and Peptidomimetics (M. Goodman,
Editor-in-chief, A Felix, L. Moroder, C. Tmiolo Eds), Thieme, 2002; N. L. Benoiton, Chemistry of
Peptide Synthesis, CRC Press, 2005; Mcthods in Molecular Biology, 298, Peptide Synthesis and
Applications, (J. Howl Ed) Homana Press, 2005; and Anino Acids, Peptides and Proteins in Organic
Chemistry, Volume 3, Building Blocks, Catalysts and Coupling Chemistry, (A, B. Hughs, Ed ) Wiley-
VCH, 2011, Accordingly, in certain embodiments, provided is a nultispecific antigen-binding protein

library generated via chemical synthesis techmigues.

{0571}  In certain embodiments, the multispecific antigen-binding protein library comprises a display
library. In certain embodiments, the display library is a phage display library, a phagenud display library,
a virus display bibrary, a bacterial display library, a veast display library, a Agt11 library, a CIS display
Iibrary, and in vifro comparimentalization library, or a nbosome display bibrary. Methods of making and
screening such display libraries are well known to those of skill in the art and described in, e. g, Molek e/
al (2011 Molecules 16, 857-887; Bader ef al., (1997} Nat Biotechnol 15, 553-557; Scott ef al. {1990)
Science 249, 386-390; Brisette ef al. (2007) Methods Mol Biol 383, 203-213; Kenrick er of. (2010)
Protein Eng Des Sel 23, 9-17; Freud! ef af. {1986} J Mo/ Biol 188,491-494; Getz er af. (2012) Methods
Fonzymol S03, 75-97; Smith ef ¢l (2014) Curr Drug Discov Technol 11, 48-55; Hanes, et ol (1997) Proc
Natl Acad Sci US4 944937-4942; Lipovsek ef ol (2004} .7 Imm Methods 290, 51-67; Ullman ef af.
{2011) Brief. Funct. Genomics, 10, 125-134; Odegrip ef al. (2004) Proc Natl Acad Sci USA 101, 2806-
2810; and Miller er of. (2006) Nat Methods 3, 361-570.

[0572]  In certain embodiments, the multispecific antigen-binding protein library comprises an RNA-
protein fusion library generated, for example, by the techniques descrnibed 1n Szostak er aof., US 62583538,
US 6261804, US 5643768, and US 5658754, In certain embodiments, the maltispecific antigen-binding

protein Library comprises a DNA-protein Hbrary, as described, for example, in US 6416950,

Directed Evolution of Multispecific Antigen-binding Protein Libraries

[0373]  The multispecific antigen binding proteins provided herein can be screened to identify, e.g.,

multivalent antigen bindmg proteins having improved binding affinity to two or more target ligands of
mterest. Accordingly, provided herein 1s a method of obtaming a multispecific antigen-binding protein
that specifically binds at least two target ligands of mterest {e.g., two or more targets ligands of interest

described elsewhere herein).
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13574} In certain embodiments, the method comprises a) contacting a first target ligand with a library
of multispecific antigen-binding proteins {such as a library described herein) under conditions that allow
a multispecific antigen-binding protein: first target higand complex to form, (b) detecting the formation of
the multispecific antigen-binding protein: first target ligand complex, and (¢} obtaining from the complex

the multispecific antigen-binding protein that specifically binds the first target higand.

[0575]  Additionally or alternatively, in certain embodiments, the method comprises a) contacting a
second target ligand with a library of multispecific antigen-binding proteins {such as a hibrary descnbed
hercin} under conditions that allow a multispecific antigen-binding protein: second target ligand complex
to form, (b} detecting the formation of the multispecific antigen-binding protein: second target ligand
complex, and (¢} obtaining from the complex the multispecific antigen-binding protein that specifically

binds the second target ligand.

[0876]  In certain embodiments, provided is a complex comprising a multispecific antigen-binding
protein provided herein and a first target Hgand {i.e., a multispecific antigen-binding protein: target Hgand
complex}. In certain emboduments, provided is a comaplex comprising a multispecific antigen-hinding
protein provided herein and a second target ligand. In certain embodiments, provided is a complex
comprising a multispecific antigen-binding protem provided herein, a first target ligand, and a second
target ligand. In certain embodiments, the provided is a multispecific antigen-binding protein capable of
binding to two or more target ligands. In certain embodiments, the method further comprises {d)
determining the nucleic acid sequence of the multispecific antigen-binding protein that specitically binds

the two or more target ligands.

i0577]  In certain embodiments, a multispecific antigen-binding protein that specifically binds two or
more target ligands is subject to affinity maturation. In this process, a multispecific antigen-binding
protein 1s subject to a scheme that selects for mercased affinity for a first target and/or a second target
{see Wu et al. (1998) Proc Nat! Acad Sci USA. 95, 6037-42). In certain embodiments, a multispecific
antigen-binding protein that specifically binds a first target ligand is further randomized after
wdentification from a library screen. For example, in certain embodiments, the method of obtaining a
multispecific antigen-binding protein that specifically binds a first target ligand further comprises (e}
randomizing the CDR-H1, CDR-H2, CBR-H3, CDR-L1, CBR-L2, and/or CDBR-L3 of the multispecific
antigen-binding protein obtained from the multispecific antigen-binding protein: first target ligand
complex identitied previously to generate further multispecific anfigen-binding proteins, (f) contacting
the first target Higand with the further randomized multispecific antigen-binding proteins, (g) detecting the
formation of the further randomized mudtispecific antigen-binding protein: first target ligand complex,
and (h} obtaining from the complex the further randomized multispecific antigen-binding protein that
specifically binds the first target ligand. Additionally or alternatively, m certain embodiments, steps (e}-

¢(h) are repeated with a second target ligand.
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[0578]  In certain embodiments, the method further comprises (1} determining the nucleic acid
sequence of the multispecific antigen-binding protein that specifically binds the first {and/or second}

target higand.

{05791  In certain embodiments, the further randomized multispecific antigen-binding proteins
comprise at feast one or at least two randomized CDRs which were not previously randomized m the first
library. Multiple rounds of randomization, screening and selection can be performed until n multispecific
antigen-binding protein(s) baving sufficient affinity for the first and/or second target ligands arc obtained.
Thus, in certain embodiments, steps (e)-(h) or steps {¢)~{1} arc repeated one, two, three, four, five, six,
seven, eight, ning, ten, or more than ten times in order o identity the multispecific antigen-binding
protein that specifically binds a first target higand. Additionally or alternatively, in certain embodiments,
steps {g)-(h} or steps {e}-(1) arc repeated one, two, three, four, five, six, seven, eight, nine, ton, or morg
than ten times in order to wdentifyv the multispecific antigen-binding protein that specifically binds a

second target igand.

{058G]  In certain embodiments, the multispecific antigen-binding protein that has undergone at least
two, three, four, five, six, seven, eight, nine, ten, or more than ten rounds of randonuzation, screening and
selection binds the target ligand with an affinity that 1s at least as high as that of the multspecific antigen-
binding protein that has undergone ong round of randomization, screening, and selection. In certain
embodiments, the multispecific antigen-binding protein that has undergone at least two, three, four, five,
six, seven, ¢ight, nine, ten, or more than ten rounds of randomization, screening and sclection binds the
first target ligand with an affinity that is higher than that of the multspecific antigen-binding protein that
has undergone one round of randomization, screening, and selection. Additionally or altematively, in
certain embodiments, the multispecific antigen-binding protein that has undergone at least two, three,
four, five, six, seven, eight, nine, ten, or more than fen rounds of randomization, screening and selection
binds the second target Higand with an affinity that is higher than that of the multispecitic antigen-bindmng

protein that has undergone one round of randomization, screening, and selection.

{8581] It will be readily apparent o one of ordinary skill in the art that the methods described above
can be repeated to dentify a multispecific antigen-binding protein that specifically binds three target
higands of interest, four target hgands of interest, five target ligands of interest, or more than five target

ligands of interest.

{05821 A library of moltispecific antigen-binding proteins described herein may be screened by any
technique known in the art for evolving new or improved binding proteins that specifically bind a target
higand. In certain embodiments, the target igand is immobilized on a solid support (such as a colunm
resin or microtiter plate well), and the target igand is contacted with a library of candidate multispecific

antigen-binding proteins (such as any library described herein}. Selection technigues can be, for
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example, phage display (Smith (1985} Science 228, 1315-1317), mRNA display {Wilson ef . (2001)
Froc Natl Acad Sci (154 98: 3750-37535) bactenial display (Georgiow, ef af. (1997} Nat Biotechnol 15:29-
343, veast display (Boder and Wittrup (1997} Nar. Biotechnol. 15:553-5577) or nibosome display (Hanes
and Plackthun (1997) Proc Natl Acad Sci U S A 94:4937-4942 and W(QO2008/068637).

{8583]  In certam embodiments, the library of multispecific antigen-binding proteins is a phage display
library. In cortain embodiments, provided is a phage particle displaying a multispecific antigen-binding
protein described herein. In certain embodiments, the provided is a phage particle displaying a

multispecific antigen-binding protein described hercin capable of binding to a target igand.

{8584]  Phage display 1s a technique by which a plurality of multispecific antigen-binding protein
variants are displayed as fusion proteins to the coat protein on the surface of bacteniophage particles
{Snuth, G. P {1985} Science, 228:1315-7; Scott, J. K. and Smith, G. P. (1990) Science 249: 386;
Sergeeva, A, e al. {2006} Adv. Drug Deliv. Rev. 58:1622-54). The utility of phage display lies in the
fact that large libraries of selectively randomized protein variants {or randomly ¢loned cDNAs) can be

rapidly and cfficiently sorted for those sequences that bind to a target molecule with high affioity.

[0585]  Display of peptides (Cwirla, 8. E. er al. (1990) Proc. Nail. Acad. Sci. US4, 87:6378) or protein
{Lowman, H. B. ef o/ (1991) Biochemistry, 30:10832; Clackson, T. er gl (1991) Narure, 352 624,
Marks, J.D. eral. (1991),J Mol Biol., 222:581; Kang, A. S. er al. {1991) Proc. Natl. Acad. Sci. USA,
38:8363) libraries on phage have been used for screening millions of polypeptides or oligopeptides for
ones with specific binding properties (Smith, G. P (1991} Current Opin. Biotechnol | 2:668; Wu ef al.
(1998} Proc Natl Acad Sci USA. May 95, 6037-42). Polyvalent phage display methods have been used
for displaying small random peptides and small proteins through fusions to either gene 1 or gene VI of
filamentous phage. (Wells and Lowman, Curr. Opin. Struct. Biol., 3:355-362 (1992}, and references cited
therein.} In a monovalent phage display, a protein or peptide Hbrary is fused to a gene IH or a portion
thereof, and expressed at low levels in the presence of wild type gene HI protein so that phage particles
display one copy or none of the fusion proteins. Avidity etfects are reduced relative to polyvalent phage
so that sorting is on the basis of intrinsic ligand affinity, and phagemid vectors are used, which simphify
DNA manipulations. (Lowman and Wells, Methods: A companion fo Methods in Enzvmology, 3:205-

0216 (1991))

{6586]  Sorting phage hibraries of multispecific antigen-binding proteins entails the construction and
propagation of a large number of variants, a procedure for affinity purification using the target ligand,
and a means of evaluating the results of binding enrichments (see for cxample, US 5223409, US

5403484, US 5571689, and US 3663143).
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I0587]  Most phage display methods use filamentous phage (such as M13 phage}. Lambdoid phage
display systems {seeW{(31995/34683, US 5627024), T4 phage display systems (Ren e7 af. (1998) Gene
215:439; Zhu et al. (1998) Cancer Research, 38:3209-3214; hang ef al., (1997) Infeciion & Immunity,
65:4770-4777; Ren ef al. (19973 Gene, 195:303-311; Ren {1996} Protein Sci., 5:1833; Efimov ef al.
(1993} Virus Genes, 10:173) and T7 phage display systems (Smith and Scott (1993) Methods in

Finzymology, 217: 228-257, US. 5766905} are also known.

135881  Many other improvements and varations of the basic phage display concept have now been
developed. These improvements enhance the ability of display systems to screen peptide libraries for
binding to selected target molecules and to display functional proteins with the potential of screening
these proteins for desired properties. Combinatorial reaction devices for phage display reactions have
been developed (WO 1998/14277) and phage display librarnies have been used to analyze and control
bimolecular mteractions (WO 1998/20169; WO 1998/20159) and properties of constrained helical
peptides (WO 1998/20036). WO 1997/35196 describes a method of isolating an affinity ligand in which
a phage display library is contacted with one solotion in which the higand will bind to a target molecule
and a second solution 1n which the affinty ligand will not bind to the target molecule, to selectively
1solate binding higands. WO 1997/46251 describes a method of biopanning a random phage display
library with an affinity purified antibody and then isolating binding phage, followed by a micropanning
process using microplate wells to isolate high affinity binding phage. Such method can be applied to the
multispecific antigen-binding proteins disclosed heremn. The use of Staphylococcus anreus protein A as
an affinity tag has also been reported (11 ef ol (1998} Mo/ Biotech. 9:187), WO 1997/47314 describes
the use of substrate subtraction librarics to distinguish enzyme specificitics using a combinatorial library
which may be a phage display library. Additional methods of selecting specific binding proteins are
described m US 5498538, US 5432018, and WO 1998/15833 Methods of gencrating peptide libraries and
screening these libranes are also disclosed in US 5723286, US 5432018, US 5380717, US 3427908, US
5498530, US 5770434, US 5734018, US 5698426, US 5763192, and US 5723323,

Antigens/Target Molecules

[3588]  Examples of molecules that may be targeted by a multispecific antigen-binding protein
provided herein include, but are not linmited to, soluble serum proteins and their receptors and other
membrane bound proteins {e.g., adhesins) In another embodiment, a muktispecific antigen-binding
protein provided herein is capable of binding one, two or more cytokines, cytokine-related proteins, and
cytokine receptors selected from the group consisting of 8MPL 8MP2, 8MP38 (GDFI(h, 8MP4, 8MP6,
SMPS, CSFE{M-CSF), CSF2 (GM-CSF), CSF3 (G-CSF), EPO, FGF1 (aFGF), FGF2 (BFGF), FGEF3
(int-2), FGF4 (HST), FGFS, FGFo6 (HST-23, FGF7 (KGF), FGF9, FGF1 0, FGF11, FGF12, FGF12B,
FGF14, FGF16, FGF17, FGF19, FGF20, FGE21, FGF23, IGFL, IGF2, IFNAL, IFNAZ, IFNA4, IFNAS,
TENAG, IFNAT, IFNSE IFNG, IFNWI FELL, FELT (EPSELON), FELI (ZETA), 1L 1A 1L 1B, 102,
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L3, 14, ILS, 16, IL7, IL8 TLO, TL1 0, 1L 11, IL 12A, IL 128, IL 13, 1L 14, IL 15, 1L 16, IL 17, IL 17B,
1L 18, 1L 19, TL20, TL22. TL23, TL24, TL25, TL26, TL27, TL28A, TL28B, TL29, TL30, PDGFA. PDGFB,
TGFA, TGFB1. TGFB2, TGFBb3, LTA (TNF-R), LTB, TNF (TNF-a), TNFSF4 (0X40 ligand),
TNFSF5 (CD40 ligand), TNFSF6 (FasL). TNFSF7 (CD27 ligand), TNFSFR (CD30 ligand), TNFSFO (4-
1 BB ligand), TNFSF10 (TRAIL), TNFSF11 (TRANCE), TNFSF12 (APO3L). TNFSF13 (April),
TNFSF13B, TNFSF14 (HVEM-L), TNFSF15 (VEGD),. TNFSF18, HGF (VEGFD), VEGF, VEGFB,
VEGFC, ILIRJ, ILIR2, ILIRLL ILIRL2, TL2ZRA, TLZRB, IL2RG, TL3RA, TL4R, TLSRA, TL6R, TL7R,
TLSRA, TLSRE, TLOR. IL10RA. ILIORB, IL 1IRA. TL12RB1, IL12RB2, IL13RAL ILI13RA2, ILISRA,
[L17R. IL18R1, IL20RA, IL21R, IL22R, IL1HY1, ILIRAP, ILIRAPL1, ILIRAPL2, ILIRN, IL6ST,
IL18BP, IL1SRAP, IL22RA2. AIF1, HGF, LEP (leptin), PTN, and THPO.

[05206]  In another embodiment, a target molecule 1s a chemokine, chemokine receptor, ora
chemokine-related protein selected from the group consisting of CCLI (1-309), CCLZ (MCP -1I/MCAF},
CCL3 (MIP-la), CCL4 (MIP-IB), CCLS (RANTES), CCL7 (MCP-3), CCLR {mep-2), CCL1T {cotaxiny,
CCL 13 (MCP-4), CCL 15 (MIP-15), CCL 16 (HCC-4), CCL 17 (TARC), CCL 12 (PARC), CCL 19
(MDP-3b), CCL20 (MIP-3a), CCL21 (SLC/exodus-2), CCL22 (MDC/ STC-1), CCL23 (MPIF-1),
CCL24 (MPIF-2 /feotaxin-2), CCL25 (TECK), CCL26 {eotaxin-3), CCL27 (CTACK /1ILC), CCL28,
CXCLI(GROD, CXCL2 (GRO2), CXCL3 (GRO3), CXCLS (ENA-78), CXCL6 (GCP-2), CXCLY
(MIG), CXCL 10 (1P 10), CXCL 11 (1-TAC), CXCL 12 (8DFD, CXCL 13, CXCL 14, CXCL 16, PF4
(CXCL4), PPBP (CXCL7y, CX3CL 1 (SCYDY), SCYEL XCLI (lymphotactin), XCL2 (SCM-I3), BLRI
(MDR135), CCBP2 (D6/JAB61 ), CCRI (CKRIHM 143), CCR2 (mep-IRB IRA), CCR3
(CKR3/ACMKBR3}, CCR4, CCR5 (CMEBRS5/ChemR13), CCR6 (CMKBR6/CKR-L3/STRL22/ DRY6},
CCR7 (CKR7EBIDH, CCRE (CMKBRE TERVCKR- L1}, CCRY (GPR-9-6}, CCRLI (VSHKI), CCRL2
(L-CCR), XCRI (GPRS/CCXCRY), CMKLR I, CMKOR1 (RDC1), CX3CRI (V28), CXCR4, GPR2
(CCR10), GPR31, GPREI (FKSGRY), CXCR3 (GPRY/CKR-L2), CXCR6 (TYMSTR/STRL33/Bonzo),
HM74, ILERA (IL8Rw), ILERB (ILSR{), LTB4R (GPR16), TCP10, CKLFSF2, CKLFSF3, CKLFSF4,
CKLFSF5, CKLFSF6, CKLFSF7, CKLFSFE, BDNF, U5R1, CSF3, GRCC10 (C10), EPO, FY {(DARC),
GDF5, HDFL, HDFlo, DLE PRL, RGS3, RGS13, SDF2, SLIT2, TLR2, TLR4, TREMI, TREM2, and
VHL.

{6591]  In ancther embodiment the multispecific antigen-binding proteins provided herein are capable
of binding one or more targets selected from the group consisting of ABCF1; ACVRI; ACVRIB,
ACYRZ; ACVRIZB, ACVRLY; ADORAZA; Aggrecan; AGR2; AICDA; AIFL; AIGY; AKAPIL, AKAPZ;
AMH; AMHRZ; ANGPTL; ANGPT2: ANGPTL3; ANGPTL4A; ANPEP; APC; APOCT; AR; AZGP1
{minc-a~glveoproteny, B7.1; B7.2; BAD; BAFF (BLys), BAGHT; BAILL, BCLZ; BCL6; BDNF; BLNK;
BLRI (MDRI13); BMPi. BMPZ: BMP3B (GD¥F10); BMP4; BMP6: BMPS. BMPRIA: BMPRIB;
BMPR2; BPAGT (plectin); BRCAL, Cl19rf10 (3L27w}, £3; C4A,; C5; USRI, CANTL, CASPY, CASP4,
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CAVL CCBP2 (DE/JABS ), CCLT (1-309); CCLI (eotaxin), CCLI3 (MCP-4), CCL15 (MIPIS);
CCLI6 (HCC-4), CCLIT (TARC);, CCL1E (PARC); CCLI9 (MIP-3f); CCLZ (MCP-1); MCAF, CCL20
(MIP-3a); CCL2T (MTP-2}; SLC; exodus-2; CCL22 (MDC/STC-1);, CCL23 (MPIF-1), CCL24 (MPIF-
2/eotaxin-2}; CCLZS (TECK); CCL26 {eotaxin-3), CCL27 (CTACK/ALE), CCL2E; CCL3 (MTP-la);
CCLA (MDP-1B), CCLS(RANTES), CCL7 (MCP-3); CCLB {mep-2), CONAL, CCNAZ, CONDH,
CONEL CONEZ; CCRIE (CKRE/HM143), CCRZ (mep-IRB/RANCCRS (CKR/ CMKRBR3), CCR4;
CCRS (CMKBRS/ChemR 13); CCR6 {(CMKBR6/CKR-L3/STRL22/DRY6); CCR7 (CKBR7/EBIY),
CCRE (CMKBRATERICKR-LY), CCRY {GPR-9-6); CCRLI (VSHK1), CCRL2 (1.-CCR), CDhi64,
CD19; CDIC, CD20; CD200; CD22, CD24; CD2g, CD3; CD37, CDH3%; CD3E; CD3G, CD37, Ch4,
Ch40; CD40L; CD44; CD43RB, CDS2, CD69; CD72; CD74; CDT79A; CD79B,; CD5; (D80, CDSIL
CD83; CDR6; CDHI1 (E-cadheriny, CDHI0; CDHI2; CDHI13; CDHI18, CDHI9, COH20, CDHS, CBH7Y;
CDHSB, CBHY, CDK2; CDK3; CDK4, CDKS; CBKé6;, CDK7, CBKY, CDKNIA {p2I/WAF/Cipl);
CDKNIB (p27/Kiply, COKNIC;, CDKNZA (P16INK4a), COKN2ZB, COKNZC, CDKN3; CEBPB;
CERL; CHGA; CHGRB; Chitinase; CHSTIG; CKLEFSF2; CKLESF3; CKLESF4;, CKLFSE3; CKLFSFG;
CKLFSF7; CKLFSFE; CLDN3 . CLDN7 (claudin-7); CLN3; CLU {clusterin); CMKLRI1; CMK{OR]
(RDCT);, CNRE; COL 18A1T; COLLIAL COL4AR, COL6AL, CR2Z; CRP; CSFI (M-CSF}); CS5F2 (GM-
CSF), CSF3 (GCSE), CTLA4, CTNNBL (b-catenin};, CTSB (cathepsin B); CX3CL1 (8CY DR CX3CR1
(V28), CXCL1(GRO); CXCLIO (IP-10); CXCLIT (I-TAC/IP-9), CXCLIZ (RDF 1), CXCL13;
CXCL14; CXCL16; CXCL2 (GRO2); CXCL3 (GRO3); CXCLS (ENA-TE/LIX), CXCL6 (GUP-2);
CXCLO (MIG);, CXCR3 (GPRY/CKR-L2); CXCR4; CXCR6 (TYMSTR/STRL33/Bonzo}, CYBS,
CYCL; CYSLTRI, DABZIP; DES; DKFZpd451J0118; DNCLE DPP4; EZF1, ECGF1; EDGI; EFNALL
EFNA3Z; EFNB2; EGF; EGFR; ELAC2; ENG; ENO1; ENO2Z; ENG3; EPHR4; EPO; ERBBZ (Her-2);
EREG; ERKS; ESR1; ESR2; F3 (TF); FADD; Fasl: FASN; FCERIA; FCERZ; FCGR3A; FGF; FGFI
{(aFGF), FGF10, FGF1L, FGF12; FGF12B, FGFI3; FGF14; FGF16; FGFL17, FGFI8; FGF19, FGF2
(bFGFY, FGF20; FGF21, FGF22; FGEF23; FGEF3 (nt-2); FGF4 (HST), FGF5; FGEF6 (HST-2); FGF7
(KGF), FGFR, FGFY, FGFR3; FIGF (VEGED), FELI{EPSILON); FILI{ZETA), FLI12584; FLI25530;
FLRTI (Aibronectin);, FLT1; FOS; FOSLI (FRA-1), FY (DARC); GABRP (GABAa), GAGEBL,
GAGECH, GALNAC4S-68T, GATASZ, GDF5; GFIL GGTL GM-CSF; GNASE GNREIL GPR2
(CCR10);, GPR31; GPR44; GPR81 (FKSGRO), GRCCIO (C10}; GRP; GSN (Gelsolin); GSTPL;
HAVCR2; HDACY, HDACS, HDACTA; HDACO, HGF; HIFIA; HOPI; histamine and histamine
receptors; HLA-A; HLA-DRA; HM74; HMOX!I . HUMCY'T2A; ICEBERG; ICOSL; 1D2; IFN-a;
TENATL; IFNAZ, IFNA4, TENAS; IFNAG; IFNAT, IFNBI; IFNgamma; DFNW 1, IGBP1; IGF 1, IGFIR;
IGF2; IGFRP2; IGFBP3; IGFBP6; 1L IL10; ILIORA ILIORE; IL1EL ILUIRA TL-12, TLI2A TL12B;
ILI2RBILILIZRB2; IL13; IL13RATL ILI3RAZ; L 14, IL15; HLISRA IL16; IL17; IL17B; IL17C,
IL17RILIR; ILISBR, ILI8RE ILISRAP, TL19; ILTA ILIB; ILIF10; ILIFS; IL1F6, ILIF7, ILIFR;
ILAFS ILTHY L IR TLIRZ HLIRAP ILIRAPLY ILARAPLZ, ILIRLY TLIRLZ, ILIRN; [L2; H.20;
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20RATL2T R IL22; TL22R, HL22RA2, TL23, 124, 1125, 1126, 1127 L28A; TL28B; 1L.29; IL2RA;
IL2RB; ILZRG; L3, 1L30; IL3RA; T4, [LAR; ILS; ILARA; IL6; IL6R; IL6ST (glyvcoprotein 130); EL7,
EL7R: EL8; ILSRA; DLERE; IL8RE,; DLY; DLOR; DLK; INHA; INHBA; INSL3; INSL4; IRAKI;
ERAKZ; ITGAL, ITGAZ; ITGAS; ITGASG (a6 integrin); ITGAV; ITGB3, ITGB4 (b4 mtegrin}; JAGI;
JAKT JAKS; JUN; K6HF, KAlL KDR; KITLG; KLFS (GC Box BP); KLF6; KLKIO, KLK12; KEK13;
KLK4; KEXKIS, KLK3, KLEK4; KEKS; KLKG; KLEK9, KRT1; KRTI9 (Keratin 19); KRT2A; KHTHB6
(hair-specific type H keratiny, LAMAS; LEP (leptin); Lingo-p75; Lingo-Troy; LPS; LTA (TNF-b); L'TB;
LTB4R (GPR16); LTB4R2; LTBR; MACMARCKS; MAG or OMgp; MAP2KT7 (¢c-Jun); MDK; MIBI;
midkine; MEF; MIP-2; MKI67; (Ki-67); MMP2; MMP9; MS4A1, MSMB,; MT3 (metallothionectin-
111y, MTSST MUCHT (mucin); MYC; MY088; NCK2: neurocan; NFKB1, NFKB2Z; NGFB (NGF);
NGFR; NgR-Lingo; NgR-~ Nogo66 (Nogo); NgR-p75; NgR-Troy; NMET (NM23A); NOXS; NPPB;
NROB1; NROB2Z; NRID; NRID2; NRIH2; NRIH3; NRiH4; NR112; NR113; NR2C1, NR2(2;
NRZEL; NRZE3; NR2F1, NR2F2; NRZ2F6; NR3CI; NR3C2; NR4AT; NR4AZ, NR4A3Z, NRSAL;
NRSAZ; NRO6AT; NRPL, NRP2Z; NTSE; NTN4; ODZI, OPRDIL; P2RX7, PAP; PARTL PATE; PAWR,
PCA3; PCNA; POGFA; POGFB; PECAMI, PF4 (CXCL4); PGF, PGR; phosphacan; PIAS2; PIK3CG;
PLAU (uPA); PLG; PLXDCI; PPBP (CXCLT);, PPID; PRI PRKCQ: PREDI; PRL; PROC; PROKZ;
PSAP; PSCA; PTAFR; PTEN: PTGS2 (COX-2), PTN; RAC? (p21 Rac?); RARB,; RGSL RGS13;
RGE3; RNFL10 (ZNFi44); ROBO2Z; S100A2; SCGRB1ID?2 (lipophiim B}, SCGB2AT {(mammaglobin?};
SCGB2A2 (mammaglobin 1); SCYE! {(endothehial Monocyvte-activating cvtokine); SDF2; SERPINAL,
SERPINAZ; SERPINES {maspin); SERPINEN{PAI-1); SERPDMF1, SHBG; SLAZ;, SLL2A2;
SLO33AT; SLC43A 1L, SLIT2; SPPL SPRRIB (Sprl); ST6GALL STABI; 8TAT6, STEAP; STEAP2;
TB4RZ; TBX21, TCPIO, TOGFL TEK, TGFA; TGFBE TGEBIIE TGFB2, TGFB3; TGFBL TGEBRY;
TGFBR2; TGFBR3; THIL; THBSI (thrombospondin-1 ); THBS2; THBS4,; THPO, TIE (Tic-1 ); TMP3;
tigsue factor; TLRY, TLR2, TLR3; TLR4; TLRS, TLRs;, TLR7; TLRE; TLRY; TLRI10; TNF; TNF-a;
TNFAEPRZ (B94 ), TNFAIP3, TNFRSFHA; TNFRSFIA; TNFRSFIB; TNFRSF21; TNFRSFS;
TNFRSFGS (Fag), TNFRSF7, TNFRSFE, TNFREFO, TNFSF10 (TRAIL), TNFSF11 (TRANCE);
TNFSFI2 (APO3L), TNFSFI3 (Apriy;, TNFSFI3B, TNFSF14 (HVEM-L); TNFSF15 (VEGD;
TNFSFI18, TNFSF4 (OX40 ligand); TNFSFS (CD40 ligand), TINFSF6 (FasL); TNFSF7 (CD27 ligand);
TNFSES (CD30 ligandy; TNFSFO (4-1 BB ligand), TOLLIP; Toll-like receptors; TOP2ZA (topoisomerase
Ea), TP33; TPMI; TPMZ; TRADD; TRAFI, TRAFZ, TRAF3; TRAF4, TRAFS, TRAF6, TREMI;
TREMZ; TRPCE; TSLP;, TWEAK: VEGF; VEGFB; VEGFC,; versican, VHL C5; VLA, XCL1
{lymphotactin}, XCL2 (SCM-1b}, XCREGPR3/ CCXCRI), YY1, and ZFPM2.

05521  Preferred molecular target molecules for antibodics provided herein include CD proteins such
as CD3, Ch4, CDS, D6, CD19, CD20, CD34; €D64, CD200 members of the ErbB receptor family
such as the EGF receptor, HERZ, HER3 or HER4 receptor; cell adhesion molecules such as LFA-1,
Macl, p156.95, VLA-4, ICAM-1, VCAM, alphad/beta7 mtegrnin, and alphav/beta3 mntegrin including
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cither alpha or beta subunits thereof (e.g., anti-CD11a, anti-CD18, or anti-CD11b antibodies); growth
factors such as VEGF-A, VEGF-C; tissue factor {TF); alpha interferon {alphalFN); TNFalpha, an
mnterleukin, such as [L-1 beta, 1L.-3, TL-4, IL-5, IL-§, IL-9, 1L-13, L 17 AF, IL-18, IL-13R alphal,
IL13R alpha? IL-4R, IL-53R, IL-9R, IgE: blood group antigens; f1k2/i1t3 receptor; obesity (OB) receptor;
mpl receptor; CTLA-4; RANKL, RANK, RSV F protein, protein L erc.

[0523]  In onc embodiment, the multispecific antigen-binding proteins provided herein bind low
density lipoprotein receptor-related protein (LRP}-1 or LRP-8 or transferrin receptor, and at least one
target selected from the group consisting of 1} beta~scerctase (BACE]1 or BACEZ), 2} alpha-sccretase, 3)
gamma-secretase, 4) tau-secretase, 5} amyiowd precursor protein (APP), 6) death receptor 6 (BR®6), 7)

amvloid beta peptide, 8) alpha-synuclem, 9) Parkin, 10} Himtingtin, 113 p75 NTR, and 12} caspase-6

[05394]  In one embodiment, a multspecific antigen-binding proteins provided herein binds to at least
two target molecules selected from the group consisting of) [L-1 alpha and 1L- 1 beta, 1L-12 and 1L-15;
IL-13 and 1L-9; IL-13 and IL-4; IL-13 and 1L-5; IL-5 and 1L-4; 11-13 and IL-1beta; 1L-13 and IL- 25 1L-
13 and TARC; H.~13 and MDC; 1L-13 and MEF; 1L-13 and TGF~-; 1L.-13 and LHR agonist; {L.-12 and
TWEAK, IL-13 and CL25; TL-13 and SPRR2a; IL-13 and SPRR2b; IL~13 and ADAMS, 1L-13 and
PED2, IL17A and 1L 17F, CD3 and CD19, CD138 and CD20; CD138 and CD40; CD19 and CD20;
CD20 and CD3; CD3S and CDB138; CD3S and CD20; CD38 and CD40; CD40 and CDB20; CB-S and IL-
6, CPB20 and BR3, TNF alpha and TGF-beta, TNF alpha and H-1 beta; TNF alpha and 1L-2, TNF alpha
and -3, TNF alpha and {L~4, TNF alpha and [L-3, TNF alpha and [L6, TNF alpha and B8, TNF alpha
and IL-9, TNF alpha and IL-10, TNF alpha and HL-11, TNF alpha and 1L-12, TNF alpha and {L-13, TNF
alpha and IL-14, TNF alpha and [L-135, TNF alpha and IL-16, TNF alpha and {L-17, TNF alpha and IL-
18, TNF alpha and 1L-19, TNF alpha and {L-20, TNF alpha and [L-23, TNF alpha and IFN alpba. TNF
alpha and CD4, TNF alpha and VEGF, TNF alpha and MIF, TNF alpha and ICAM-1, TNF alpha and
PGE4, TNF alpha and PEGZ, TNF alpha and RANK lLigand, TNF alpha and Te38, TNF alpha and
BAFF TNF alpha and CD22, TNF alpha and CTLA-4, TNF alpha and GP130, TNF a and 1L-12p40,
VEGF and HER2, VEGF-A and HERZ, VEGF-A and PDGF, HER!I and HER2, VEGFA and

ANG2 VEGF-A and VEGF-C, VEGF-C and VEGF-D, HER2 and DRS VEGF and 1L-8, VEGF and
MET, VEGFR and MET receptor, EGFR and MET, VEGFR and EGFR, HERZ and CD64, HER? and
CD3, HER? and D16, HER? and HER3,; EGFR (HER1} and HER2, EGFR and HER3, EGFR and
HER4, 1L.-14 and 1L-13, [L-13 and CE40L. 1L4 and CD40L, TNFR]I and IL-1 R, TNFRI and 1L-6R and
TNFRT and 1L-18R, EpCAM and CD3, MAPG and CD28, EGFR and CD64, CSPGs and RGM A;
CTLA-4 and BTNOZ; IGFT and IGF2; IGF1/2 and Erb2B; MAG and RGM A; NgR and RGM A; NogoA
and RGM A; OMGp and RGM A; POL-1 and CTLA-4; and RGM A and RGM B,

{0595]  Soluble antigens or fragments thereof, optionally conjugated to other molecules, can be used as

mmmunogens for gencrating antibodies. For transmembrane molecules, such as receptors, fragments of
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these {(e.g , the extracelhular domain of a receptor) can be used as the immunogen. Altematively, cells
cxpressing the transmembrane molecule can be used as the immunogen. Such celis can be derived from a
natural source fe.g., cancer cell lines) or may be celis which have been transformed by recombinant
techniques to express the transmembrane molecule. Other antigens and forms thereof useful for preparing

antibodies will be apparent to those 1o the art.

Activity Assays

[0596]  The multispecific antigen-binding proteins provided herein can be characterized for their

physical/chemical properties and biclogical functions by various assays known in the art.

[0597]  The punfied multispecific antigen-binding proteins can be further characterized by a serigs of

assays including, but not limited to, N-terminal sequencing, amino acid analysis, non-denaturing size

exclusion high pressure liguid chromatography (HPLC), mass spectrometry, ion exchange

chromatography and papain digestion.

135981 In certain embodiments, the multispecific antigen-binding proteins provided herein are
analyzed for their biological activity. In some embodiments, the multispecific antigen-binding proteins
are tested tor their antigen-binding activity. The antigen-binding assays that are known 1n the art and can
be used herem nclude, without limitation, any direct or competitive binding assays using technigues such
as western blots, radioimmunocassays, ELISA (enzvme hinked immnosorbent assay), “sandwich”
IRIMUNOAassays, immunoprecipitation assays, fluorescent immuonoassays, and protcin A IMMUROASSays.

Exemplary antigen-binding assays are provided in the Examples below.

{0599]  In one embodiment provided herein is an altered multispecific antigen-binding proteins
provided that possesses some but not all effector functions, which make it a desired candidate for many
applications m which the half-life of the multispecific antigen-binding protein in vive 1s important yet
certain effector functions (such as complement and ADCC) are unnecessary or deleterious. In certain
cmbodiments, a multispecific antigen-binding protein provided herein exhibits decreased FeyR binding
activity. In certain embodiments, a multispecific antigen-binding protein provided herein comprise at
least one, at least two, or three rautations in the Fe region sclected from the group consisting of K322A,
L234A and L233A (HU numbering). In certain embodiments, a multispecific antigen-binding protein
provided herein is an aglyeosylated multispecific antigen-binding protein comprising an N297A
substitution mutation in the Fc region. In certain embodiments, a multispecific antigen-binding protein
provided herein is an aglyvcosviated multispecific antigen-binding protein comprising, ¢. 2., an N297G
substitution mutation i the Fc region. In certain crabodiments, a multispecific antigen-binding protein
provided heremn comprises a deletion at the Cterminal tvsine {(AK447) of HI and H2. In certain

embodiments, the Fe activities of the produced multispecific antigen-binding proteins are measured to
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ensure that only the desired properties are maintained. {n vifro and/or in vive cytoloxicity assays can be
conducted to confiom the reduction/depletion of CDIC and/or ADCC activities. For cxample, Fe receptor
{(FcR) binding assays can be conducted to ensure that the multispecific antigen-binding protein lacks
FeyR binding (hence hikely lacking ADCC activity), but retains FcRo binding ability. The primary cells
for mediating ADCC, NK cells, express FeyRIH only, whereas monocytes express FoyRI, FeyRH and
FeyRIIE FeR expression on hematopoietic cells 1s summmarized in Table 3 on page 464 of Raveteh and
Kinet, drmw. Rev. Immunol 9:457-92 (1991). An example of an in vifro assay to assess ADCC activity of
a molecule of interest is described in US Patent No. 5,500,362 or 5,821,337, Useful effector cells for such
assays mnclude peripheral blood monomuclear cells (PBMC) and natural killer (NK) cells. Alematively,
or additionally, ADCC activity of the molecule of interest may be assessed i vivo, e.g., in an animal
maodel such as that disclosed in Clynes er al. PNAS (US4} 95:652-656 (1998}, Clq binding assays may
also be carried out to confirm that the muldtispecific antigen-binding protein 1s unable to bind Clg and
hence lacks CDC activity. To assess complement activation, a CDC assav, e.g. as desciibed in Gazzano-
Santoro ef af., J. fmmunol Methods 202:163 (1996}, may be performed. FeRn binding and in vivo

clearance/half-hite determinations can also be performed using methods known n the art.

Conjugated Proteins

1066861  Also provided herein are conjugated proteins such as conjugated multispecific antigen-binding
protein or inununoconjugates (for example, “antibodv-drug conjugates” or “ADC™), comprising any of
the multispecific antigen-binding proteins described herein {e.g., a multispecific antigen-binding protein
made according to the methods described herein} where one of the constant regions of the light chain or
the heavy chain 1s conjugated to a chemical molecule such as a dve or cytotoxic agent such as a
chemotherapeutic agent, a drug, a growth nhibitory agent, a toxin {(e.g., an enzymatically active toxin of
bactenal, fungal, plant, or amimal origin, or fragments thereof), or a radicactive isotope (ie., a
radioconjugate). In particelar, as described herein, the use of heteromaltimerization domains enables the
construction of anthibodies contaiming two different heavy chaing (HCI and HC2) as well as two different
bight chaing (LC1 and LC2). An immunoconjugate constructed using the methods described herein may
contain the eviotoxic agent conjugated to a constant region of only one of the heavy chains (HC1 or HC?)
or only one of the light chams (L.C1 or LC2). Also, becanse the mumunoconjugate can have the cvtotoxic
agent attached to only ong heavy or hight chain, the amount of the cvtotoxic agent being administered to a
subject 15 reduced relative to administration of a multispecific antigen-binding protein having the
cvtotoxic agent attached to heavy and/or light chains. Reducing the amount of cvtotoxic agent being

administered to a subject linuts adverse side effects associated with the cytotoxic agent.

{0601]  The use of multispecific antigen-binding protein-drug conjugates for the local delivery of

cvtotoxic or cytostatic agents, 7.e., drugs to kill or inhibit tumor cells in the treatment of cancer (Syrigos
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and Epenetos, Aaticancer Rescarch 19:605-614 (1999); Niculescu-Duvaz and Sprnger, Adv. Dig. Del.
Rev. 26:151-172 (1997);, U.S. Patent No. 4,975,278} allows targeted delivery of the drug moiety to
tumors, and intracellular accumulation therein, where systemic administration of these unconjugated drug
agents may result in snacceptable levels of toxicity to normal cells as well as the tumor cells sooght to be
climinated {Baldwin ¢7 ol Lancet (Mar. 15, 1986}:603-605 (1986} Thorpe, (1985} “Antibody Carriers Of
Cytotoxic Agents fo Cancer Therapy: A Review,” in Monoclonal Antibodies ‘84 Biological And
Chlinical Applications, A, Pincheraer ol {eds)), pp. 475-506). Maximal efficacy with minimal toxicity is
sought thereby. Both polvclonal antibodies and monoclonal antibodies have been reported as useful in
these strategies (Rowland er o/, Cancer Immunocl. Immuoncther. 21: 183-187 (19386)). Drugs used in these
methods include daunomycein, doxorubicin, methotrexate, and vindesine (Rowland er o/, (1986) supra).
Toxing used in antibody-toxin conjugates include bacterial toxins such as diphtheria toxin, plant toxins
such as ricin, small molecule toxins such as geldanamyein (Mandler ef of. Jour. of the Nat. Cancer Inst.
92(193:1573-1581 (2000); Mandler ef ¢!, Bioorganic & Med. Chem. Letters 10:1025-1028 (2000);
Mandler er /. Bioconjugate Chem. 13:786-791 (2002)). maytansinoids (EP 1391213; Liu ef ol Proc.
Matl. Acad. Sci. USA 93:8618-8623 (1996}, and calicheamicm (Lode ef ol Cancer Res. 58:2928 (1998);
Hinman er of. Cancer Res. 53:3336-3342 (1993}). The toxins may affect their cytotoxic and cviostatic
cffects by mechanisms including tubulin binding, DNA binding, or topoisomerase inhibition. Some
cytotoxic drugs tend to be inactive or less active when conjugated to large antibodies or protein receptor

ligands.

10602} {Chemotherapeutic agents useful in the generation of immunoconjugates are described herein
fe.g., above}. Enzyvmatically active toxins and fragments thereof that can be used inchude diphtheria A
chain, nonbinding active fragments of diphtheria toxin, exotoxin A chain (from Pseudomonas
aeruginosal), ricin A chain, abrin A chain, modeccin A chain, alpha-sarcin, Aleurites fordii proteins,
dianthin proteins, Phytolaca americana proteins (PAPL, PAPH, and PAP-5), momordica charantia
mhibitor, curcin, crotin, sapaonaria officinalis inhibitor, gelonin, mitogellin, restrictocin, phenomycin,
enomycein, and the tricothecenes. See, e.g., WO 93/21232 published October 28, 1993, A varnety of
radionuclides are available for the production of radioconjugated antibodics. Examples include *VBi, V'L,
Y, ™Y, and ™ Re. Conjugates of the multispecific antigen-binding protein and cytotoxic agent are
made using a variety of bifunctional protein-coupling agents such as N-succinimidyi-3-(2-pyridyldithiol}
propionate (SPDP), iminothiolane (IT), bifunctional dervatives of imidoesters (such as dimethyl
adiptmidate HCL, active esters {such as disuccinimidyl suberate), aldehydes {such as glutaraldehyde},
big-azido compounds {such as bis {pazidobenzoyl) hexanediamine), bis-diazonnim derivatives {such as
bis-{pdiazoniumbenzovi}-cthvlencdiamine), diisocvanates (such as toluenc 2,6-diisocyanate), and bis-
active fluorine compounds (such as 1 ,5-difluoro-2 4-dinitrobenzene). For example, a ricin immunotoxin

can be preparcd as described in Vitetta ef a/. Science 238: 1098 (1987). Carbon-14-labeled 1-
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isothiocyvanatobenzyl- 3-methvidiethyiene tnaminepentaacetic acid (MX-D'TPA} is an exemplary

chelating agent for conjugation of radionuclide to an antibody. See, e.g., WO 94/11026.

106031  Conjugates of a multispecific antigen-binding protein and one or more small molecule toxins,
such as a calicheamicin, mavitansinocids, dolastatins, aurostatins, a trichothecene, and CC1065, and the

dervatives of these toxing that have toxin activity, are also contemplated herein.
Maytansine and maytansinoids

[0664]  In some embodiments, the immunoconjugate comprises a multispecific antigen-binding protein
{(full fength or fragments) provided herein conjugated to one or more maytansinoid molecules.
Maytansinoids are nutototic intubitors which act by mhibiting tubulin polymerization. Maviansine was
first isolated from the east African shrub Mayfenus serrafa (US. Patent No. 3,.896,111). Subsequently, it
was discovered that certain microbes also produce maytansinoids, such as maytansino! and C-3
maytansinol esters (U.S. Patent No 4,151,042). Svnthetic maytansinol and derivatives and analogues
thereof are disclosed, for example, in U.S. Patent Nos. 4,137,230; 4,248,870; 4,256,746, 4,260,608,
4,265,814, 4,294,757, 4,307,016, 4,308,268, 4,308,269, 4,309,428, 4,313,946, 4,315,929, 4317821,
4,322 348; 4,331,598, 4 361 650, 4,364 866, 4,424.219; 4,450,254, 4,362 663; and 4,371 5333,

[0605]  Maviansinoid drug moicties are attractive drug moietics in antibody drug conjugates because
they are: (1} relatively aceessible to prepare by fermentation or chemical modification, derivatization of
fermentation products, (it} amenable to derivatization with functional groups suitable for conjugation
through the nondisulfide linkers to antibodies, (iu1) stable i plasma, and (1v) effective against a varicty of

tumor cell lines.

[0606]  Immunoconjugates contaming mayvtansinoids, methods of making same, and their therapeutic
use are disclosed, for example, in U.S. Patent Nos. 5,208,020, 5,416,064 and European Patent EP 0 423
235 81, the disclosures of which are hereby expressly incorporated by reference. Liv ef ¢/, Proc. Natl.
Acad. Sci. USA 93: 8618-8623 (1996) described immunoconpigates comprising a maytansinoid
designated DM linked to the monoclonal antibody €242 directed against human colorectal cancer. The
conjugate was found to be highly cytotoxic towards cultured colon cancer cells, and showed antitumor
activity in an in vivo tumor growth assay. Chart e af. Cancer Research 52:127-131 (1992} describe
immunoconjugates in which a mayvtansinoid was conjugated via a disulfide hinker to the murine antibody
A7 binding to an antigen on huwman colon cancer cell lings, or to another murnne monochonal antibody
TA.1 that binds the HER-2/neu oncogene. The cviotoxicity of the TA 1-maytansinoid conjugate was
tested 7 vitro on the haman breast cancer cell line SK-BR-3, which expresses 3 x 10° HER-2 surface

antigens per cell. The drug conjugate achieved a degree of cytotoxicity similar {o the free maytansinoid
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drug, which could be increased by increasing the number of maytansinoid molecules per antibody

molecule. The A7-mayvtansinoid conjugate showed low systemic cytotoxicity in mice.

[0667]  Multispecific antigen-binding protein-mayviansinoid conjugates are prepared by chemically
hinking a nwltispecific antigen-binding protein to a maytansinoid molecule without significantly
diminishing the biological activity of either themultispecific antigen-binding protein or the mavtansinoid
molecule. See, e.g., U.S. Patent No. 5,208,020 {the disclosure of which is hereby expressly incorporated
by reference). An average of 3-4 maytansinoid molecules conjugated per antibody molecole has shown
cfficacy in enhancing cviotoxicity of target cells without negatively affecting the function or solubility of
the antibody, although even one molecule of toxin/antibody would be expected to enhance cviotoxicity
over the use of naked antibody. Mayiansinoids are well known in the art and can be synthesized by
known techniques or isolated from natural scurces. Suvitable maytansincids are disclosed, for example, in
U.S. Patent No. 5,208,020 and in the other patenis and noopatent publications referred to hercinabove.
Preferred maytansinoids are maytansino! and mayvtansinol analogues modified in the aromatic ring or at

other positions of the maytansinel molecule, such as various maytansino! esters.

[0608]  There are many linking groups known in the art for making multispecific antigen-binding
protein maytansinoid conjugates, including, for example, those disclosed in U.S. Patent No. 3,208,020 or
EP Patent 0 425 235 B, Chart ef ¢f. Cancer Research 52:127-131 (1992), and U5, Patent Application
Publication No. 2005/0169933, the disclosures of which are hereby expressly incorporated by reference.
Antibody-mavtansinoid conjugates comprising the linker component SMCC may be prepared as
disclosed in U.S. Patent Application Publication No. 2005/0169933. The hinking groups include disulfide
groups, thigether groups, acid labile groups, photolabile groups, peptidase labile groups, or esterase labile
groups, as disclosed in the above-identified patents, disulfide and thioether groups being preferred.

Additional linking groups arc described and exemplitied berein.

10609]  Conjugates of a muldtispecific antigen-binding protein and maytansinoid may be made using a
variety of bifunctional protein coupling agents such as N-succinimidyl-3-(2-pyndyldithio)} propionate
{SPDP), succimmidvi-4-{N-maleimidomethyvl) cyelohexane-i~carboxyiate (SMCC), iminothiolane (IT),
bifunctional derivatives of imidoesters (such as dimethyl adipimidate HCI), active esters (such as
disuccinirmidyl suberate), aldehvdes (such as glutaraldehyde}, bis-azido compounds {such as bis (p-
azidobenzoyl) hexancdiamine), bis-diazonium derivatives (such as bis-(p-
diazoniumbenzoyljethvienediamine), ditsocyanates (such as toluene 2,6-dusocvanate), and bis-active
fluorine compounds (such as 1 ,3-diflaoro-2 4-dinitrobenzence). Particularly preferred coupling agents
include N-succinmudyl-3-(Z-pyridyldithio) propionate (SPDP) (Carlsson ef ol Biochem. § 173:723-737

{1978} and N-succinmmudyl-4-(Z-pyridvithio)pentanoate (SPP) to provide for a disulfide hinkage.
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10616}  The hinker may be attached to the maytansinoid molecule at various positions, depending on
the type of the link. For example, an cster hinkage may be formed by reaction with a hydroxyl group
using conventional coupling techmques. The reaction may occur at the C-3 position having a hydroxvl
group, the C-14 position modified with hydroxymethyl, the C-15 position modified with a hydroxy!
group, and the C-20 position having a hydroxyl group. In 3 preferred embodiment, the linkage is formed

at the C-3 position of maytansinol or a maytansinol analogue.
Aaristatins and dolastating

{8611]  In some embodiments, the imnunoconjugate comprises a multispecific antigen-binding protein
provided hercin conjugated to dolastating or dolastatin peptidic analogs and derivatives, the auristatins
{U.8. Patent Nos. 5,635,483 and 5,780,588}, Dolastating and auristatins have been shown to interfere
with microtubule dynamics, GTP hydrolysis, and nuclear and cellular division {(Wovke ef o/, Antimicrob.
Agents and Chemother, 45(12):3580-3584 (2001)) and have anticancer (U.S. Patent No. 5,663,149} and
antifungal activity (Pettit of ¢/ Antimicrob. Agents Chemother 42:2961-2965 (1998)). The dolastatin or
auristatin drug motety may be attached to the multispecific antigen-binding protein through the N-

(amino} ternunus or the C- (carboxyl) terminus of the peptidic drug moiety (WO 02/088172).

10612]  Exemplary auristatin embodiments include the N-terminus hinked monomethvlaaristatin drag
maoicties DE and DF, disclosed m “Monomethylvaline Compounds Capable of Conjugation to Ligands,”
U.S. Application Publication No. 2005/0238649, the disclosure of which 1s expressly meorporated by

reference in ifs entirety.

{8613]  Typically, peptide-based drug moieties can be prepared by forming a peptide bond between
two or more aming acids and/or peptide fragments. Such peptide bonds can be prepared, for example,
according to the liquid phase synthesis method (see E. Schroder and K. Lubke, “The Peptides,” volume 1,
pp. 76-136, 1965, Academic Press) that 13 well known in the ficld of peptide chemistry. The
aunistatin/dolastatin drug moieties may be prepared according to the methods oft 1.8, Patent Nos.
5,635,483 and 5,780,588; Pettit ef of. }. Nat. Prod. 44:482-485 (1981); Pettit ef o/ Anti-Cancer Drug
DBesign 13:47-66 {1998); Poncet, Curr. Pharm. Des. 5:139-162 (1999); and Pettit, Fortschr. Chem. Org.
Naturst. 70:1-79 (1997}, See also Doronina, Nat. Biotechnol. 21 (7):778-784 (2003); and
“Monomethylvaline Compounds Capable of Conjugation to Ligands,” U.S. Application Publication No.
2005/0238649, hercby incorporated by reference n its entirety {(disclosing, e.g., linkers and methods of

preparing monomethvivaline compounds such as MMAE and MMAF conjugated to linkers).
Calicheamicin

8614 In other embodiments, the inunonoconiugate comprises a multispecific antigen-binding protein
R S fae

provided herein conjugated to one or more calicheamicin molecules. The calicheamicin family of
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antibiotics are capable of producing double-stranded DNA breaks at subpicomolar concentrations. For the
preparation of conjugates of the calichcamicin family, see U.S. Patent Nos. 5,712,374, 5,714,586, 5,739,
116; 5,767,285, 5,770,701, 5,770,710, 5,773,001, and 5,877,296 {(all to American Cyanamid Company).
Structural analogues of calicheamicin which may be used inclade, but are not himited to, 'y;,f{, oy, ol N-
acatyiuyf, PSAG and 6, (Hinman ef ol Cancer Research 53:3336- 3342 (1993}, Lode ef o/ Cancer
Research 58:2925-2928 (1998} and the aforementioned U.S. patents to American Cyanamid). Another
anti-tumor drug to which the multispecific antigen-binding protein can be conjugated is QFA, which is an
antifolate. Both calicheamicin and QFA have intracellular sites of action and do not readily cross the
plasma membrane. Therefore, cellular uptake of these agents through antibody mediated mtemalization

greatly enhances their cyiotoxic effects.
{ther cytotoxic agents

10615]  OGther antitumor agents that can be conjugated to the multispecific antigen-binding proteins
provided herein include BONU, streptozoicin, vincristine and 5-fluorouracil, the family of agents known
collectively LL-E33288 complex described i U.S. Patent Nos. 5,053,394 and 5,770,710, as well as

esperamicins (U.S. Patent No. 5,877,296},

[0616] Enzymatically active toxins and fragments thereof which can be used mclude diphthena A
chain, nonbinding active fragments of diphthena toxin, exotoxin A chan (from Pseudomonas
aeruginesa), nicin A chain, abrin A chain, modeccin A chain, alpha-sarcin, Aleurites fordii proteins,
dianthin proteins, Fhviolaca Americana proteins (PAPI, PAPIL and PAP-5), momordica charantia
mhibttor, curcin, crotin, sapaonaria officinalis inhibitor, gelonin, mitogellin, restrictocn, phenomyein,

gnomycin and the tricothecenes (see, for example, WO 93/21232, published October 28, 1993},

[0617]  Also provided 1s an imnmumoconjugate formed between a multispecific antigen-binding protem
described hereinand a compound with nucleolytic activity {e.g., a ribonuclease or a DNA endonuclease

such as a deoxynbonuclease; DNase).

[0618]  For selective destruction of a tumor, the multispecific antigen-binding protem may comprise a
highly radicactive atom. A variety of radicactive isotopes are available for the production of
radioconjugated antibodies. Examples include AL 1L TP, Y™, Re'™, Re ™%, Sm'™. Bi*, PP, P
and radioactive isotopes of Lu. When the conjugate 1s used for detection, it may comprise a radioactive
atom for scintigraphic studies, for example 1¢99m or 1123, or a spin label for nuclear magnetic resonance
(NMR)} imaging (also known as magnetic resonance imaging, MRI), such as todine-123 again, todine-

131, indivm-111, flucrine-19, carbon-13, nitrogen-15, oxygen-17, gadchinnim, manganese or ron.

[0619]  The radio- or other labels mav be incorporated i the conjugate in known ways, For example,

the peptide may be biosynthesized or may be synthesized by chemical amino acid synthesis using
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suitable amino acid precursors involving, for example, fluorine-19 in place of hydrogen. Labels such as
te”" or I, Re'™, Re'™, and In'"! can be attached via a cysteine residue in the peptide. Yttrium-90 can be
attached via a lvsine residue. The IODOGEN method (Fraker ef ol Biochem. Biophys. Res. Commun.
8(:49-57 (1978))} can be used to incorporate 1oding-123. “Monoclonal Antibodies in

Immunoscintigraphy” (Chatal, CRC Press 1989} describes other methods in detail.

[0620]  Coniugates of the multispecific antigen-binding protein and cytotoxic agent may be made osing
a variety of bifunctional protein coupling agents such as N-succinimidyi-3-(2-pvridyldithio) propionate
{(SPDP), succinimidyi-4-(N-maleimidomethyl) cvelohexane-1~carboxvlate (SMCC), iminothiolane (IT),
bifunctional denvatives of imidoesters (such as dimethyl adipimidate HCY), active esters (such as
disuccinimidyl suberate), aldehydes (such as glutaraldehyde}, bis-azido compounds {such as bis (p-
azidcbenzovl) hexanediamine}, bis-diazonium derivatives (such as bis-(p-
diazoniumbenzovljethyiencdiamine), diisocyanates (such as toluene 2,6-ditsocvanate), and bis-active
fluorine compounds {such as 1 S-difluore-2 4-dinitrobenzene). For example, a ricm immunotoxin can be
prepared as described in Vitetta ef /. Science 238:1098 (1987). Carbon-14-labeled 1-
1sothiocyanatobenzyl-3-methyvidiethyiene triaminepentaacetic acid (MX-D'TPA} s an exemplary
chelating agent for conjugation of radionuclide to the multispecific antigen-binding protein. See, e.g., WG
94/11026. The linker may be a “cleavable linker” facilitating release of the cytotoxic drug in the cell. For
example, an acid-labile linker, peptidase-sensitive inker, photolabile linker, dimethyl linker or disulfide-
containing linker (Chan ef ¢/, Cancer Research 52:127-131 (1992); U.S. Patent No. 5,208,020} may be

used.

0621}  Such compounds include, but are not himited to, ADC prepared with cross-linker reagents:
BMPS, EMCS, GMBS, HBVS, LC-SMCC, MBS, MPBH, SBAP, SIA, SIAB, SMCC, SMPB, SMPH,
sulfo-EMCS, sulfo-GMBS, sulfo-KMUS, sulfo-MBS, sulfo-SIAB, sulfo-SMCC, and sulfo-SMPEB, and
SVSB (succinimidyl-(4-vinylsulfone)benzoate} which are commercially available fe.g., from Pierce
Biotechnology, Inc., Rockford, I, U.S A). See pages 467-498, 2003-2004 Applications Handbook and
Catalog.

Preparation of conjugated multispecific antigen-binding proteins

{0622  In certain embodiments, a multispecific antigen-binding protein provided herein 1s conjugated
to one or more moieties (for example, drug moieties), e.2., about 1 to about 20 moicties per mudtispecific
antigen-binding protein, optionally through a linker. The conjugated antibodies may be prepared by
several routes, employing organic chemistry reactions, conditions, and reagents known to those skilled in
the art, including: (1} reaction of a nucleophilic group of a multispecific antigen-binding protein with a
bivalent hnker reagent via a covalent bond, followed by reaction with a moiety of interest; and (2}

reaction of a nacleophilic group of a moiety with a bivalent linker reagent via a covalent bond, followed
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by reaction with the nucleophilic group of a multispecific antigen-binding protein. Additional methods

for preparing conjugated antibodics are described herein.

[0623]  The linker reagent may be composed of one or more linker components. Excmplary linker
components include 6-maleimidocaproyl (“MC™), maleinidopropanovi ("MP”), p-
anunobenzyloxyearbonvl (“PAB™), N-Succimimudyl 4-(2-pyndyithio) pentanoate (“SPP”), N-
Succinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate (“SMCC™), and N-Succimmudyl (4-
todo-acetyl} aminobenzoate {“SIAB”}. Additional linker components are known i the art and some are
described herein. See also “Monomethvlvaline Compounds Capable of Conjugation to Ligands,” U.8.
Apphication Publication No. 2005/0238649, the contents of which are hereby incorporated by reference in

its entirety.

{0624]  In some embodiments, the linker may comprise amino acid residues. Exemplary amino acid
Einker components inchide a dipeptide, a tripeptide, a tetrapeptide or a pentapeptide. Exemplary
dipeptides include: valine-citrulline {vc or val-cit), alanine-phenylalanine (af or ala-phe). Exemplary
tripeptides include: glycine-valine-citrulline {gly-val-cit) and glvene-glveme-ghveine {gly-gly-giy}).
Amino acid residues which comprise an amino acid binker component include those occurnng naturally,
as well as munor amino acids and non-naturally occwming amino acid analogs, such as citrulline. Amino
acid linker components can be designed and optimized in their selectivity for enzymatic cleavage by a
particular enzymes, for example, a tumor-associated protease, cathepsin B, C and D, or a plasnun

protease.

{06251  Nucleophilic groups on antibodies include, but are not hmited to: {3} N-terminal amine groups,
(i) side chain amine groups, e.g., lysine, (i1} side chain thiol groups, e.g., cysicine, and {iv) sugar
hyvdroxyl or amino groups where the multispecific antigen-binding protein is glyeosviated. Amine, thiol,
and hydroxyl groups are nacleophilic and capable of reacting to form covalent bonds with clectrophilic
groups on linker moicties and linker reagents inchuding: (i} active esters such as NHS esters, HOBt esters,
haloformates, and acid halides; (i1} alkyl and benzyl halides such as haloacetamides; (ii1) aldehydes,
ketones, carboxyl, and maleinude groups. Certain antibodies have reducible interchain disulfides, i.e.,
cysteine bridges. Antibodies mayv be made reactive for conjugation with linker reagents by treatment
with a reducing agent such as OTT {dithiothreitol). Each cysteine brdge will thus form, theoretically, two
reactive thiol nucleophiles. Additional nucicophilic groups can be introduced o' antibodies through the
reaction of lysines with 2-iminothiolane (Traut’s reagent) resulting in conversion of an amine mto a thiol.
Reactive thiol groups may be introduced into the multispecific antigen-binding protein or fragment
thereot) by introducing one, two, three, four, or more cysteine residugs {e.g., preparing mutant antibodies

comprising one or more non-native cvsteine amino acid residues).
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10626]  Conjugated multispecific antigen-binding proteins may also be produced by modification of
the multispecific antigen-binding protein to introduce clectrophilic moictics, which can react with
nucleophilic substituents on the linker reagent or drug or other moiety. The sugars of glveosylated
antibodies may be oxidized, e g, with periodate oxadizing reagents, to form aldehyde or ketone groups
which may react with the amine group of linker reagents or drug or other moicties. The resulting tmine
Schiff base groups may form a stable linkage, or may be reduced, e.g2., by borohvdride reagents to form
stable amine linkages. In one embodiment, reaction of the carbohydrate portion of a glveosylated
multispecific antigen-binding protein with either glactose oxidase or sodium meta-periodate may vicld

carbony! (aldehyde and ketone) groups in the protem that can react with appropriate groups on the drug

or other motety (Hermanson, Bioconjugate Techniques). In another embodiment, proteins containing N
terminal serine or threonine residues can react with sodium meta-periodate, resulting in production of an
aldehvde 1n place of the first amino acid (Geoghegan and Stroh, Bioconjugate Chem. 3:138-146 (1992);

U.S. Patent No. 5362 852} Such aldehyde can be reacted with a drug moiety or linker nucleophile.

(0627  Likewise, nucleophilic groups on a moiety (such as a drug moiety) include, but are not imited
to: aming, thiol, hydroxyl, hydrazide, oxime, hydrazing, thiosemicarbazone, hydrazine carboxylate, and
arythvdrazide groups capable of reacting to form covalent bonds with electrophilic groups on linker
moictics and inker reagents including: (i) active esters such as NHS esters, HOBt esters, haloformates,
and acid halides; {i1) alkyl and benzy] halides such as haloacetanudes; and (111} aldehvdes, ketones,

carboxyl, and maleimide groups.

[0628]  Alternatively, a fusion protein comprising the multispecific antigen-binding protemn and
cytotoxic agent may be made, e.g., by recombinant technigques or peptide synthesis. The length of DNA
may comprise respective regions encoding the two portions of the conjugate either adjacent one another
ot separated by a region encoding a linker peptide which does not destroy the desired propertics of the
conjugate. In vet another embodiment, the multispecific antigen-binding protein may be conjugated to a
“receptor” {such streptavidin} for utilization in tumor pre<targeting wherein the multispecific antigen-
binding protein-receptor conjugate 1s administered to the individual, followed by removal of unbound
conjugate from the circulation using a clearing ageut and then administration of a “ligand” fe. g.. avidin}

which is conjugated to a cytotoxic agent {e.g., a radionucleotide).
Utifity

{0629}  The present methods provided herein find industrial applicability in the production of
multispecific antigen-binding proteins. The multispecitic antigen-binding proteins described herein find
use in, for example, in vitro, ex vivo and in vivo therapeutic methods. Provided herein are vanious
methods based on using one or more of these molecules. In certain pathological conditions, it is

necessary and/or desirable to utilize multispecific antigen-binding proteins {such as bispecific
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antibodies). Provide herein are multispecific antigen-binding proteins, which can be used for a vanety of
purposes, for example as therapeutics, prophviactics and diagnostics. For exaraple, provided are methods
of treating a disease, said methods comprising admmistering to a subject in need of treatment a
multispecific antigen-binding protein provided herein, whereby the disease is treated. Any of the
multispecific antigen-binding proteins described herein can be used in therapeutic {or prophylactic or

diagnostic) methods described herein.

136361  For example, one vahiable benefit of the multispecific antigen-binding proteins provided herein
18 the enhanced avidity they posc for its antigen. In addition to having intrinsic high affinity on a binding
unit {i.e., a Fab} to antigen basis, normal Ig( antibodies also exploit the avidity effect to increase their

association with antigens as a result of their bivalent binding towards the targets.

[0631]  In certain embodiments, a multispecific antigen-binding protein provided herein binds epitopes
on two or morg antigen molecules. In certam embodiments, a multispecific antigen-binding protein binds
two or more epitopes on the same antigen molecule. A multispecific antigen-binding protein direcied
against two scparate cpitopes on the same antigen molecule mayv not only provide the benefit of enhanced
binding avidity {(because of bivalent binding}, but may also acquire novel properties that are not
associated with either of the parent antibodies. In certain embodiments, the multispecific antigen-binding

proteins provided herein find use in, for example, the blocking of receptor-ligand interactions.

{8632]  The multspecific antigen-binding proteins described herein also find use i the application of

simuitanecusly blocking the signaling pathways of two targets with one molecule.

Therapeutic Uses

{0633]  The multispecific antigen-binding proteins {such as antibodies and antibody fragments
described herein) may be used for therapeutic applications. In certain embodiments, provided is a
method of treating a discase 10 a subject comprising administering to the subject an effective amount of a
multispecific antigen-binding protein described herein. n certain embodiments, provided is the use of a
multispecific antigen-binding protein provided herein in the manufacture of a medicament for treating a
disease. In certain embodiments, provided 1s a multispecific antigen-binding protein for use in treating a

disease i a subject.

{0634]  For example, such multispecific antigen-binding proteins can be used for the treatment of
tumors, including pre-cancerous, non-metastatic, metastatic, and cancerous tumors (e.g., carly stage
cancer), for the treatment of allergic or inflammatory disorders, or for the treatment of autcimnune
discase, or for the treatment of a subject at risk for developing cancer (for example, breast cancer,
colorectal cancer, lung cancer, renal cell carcinoma, ghoma, or ovarian cancer), an allergic or

mflammatory disorder, or an autoimmune disease.
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[0635]  The term cancer embraces a collection of proliferative disorders, including but not limited to
pre-cancerous growths, benign tumors, and malignant tumors. Benign mvade, or metastasize to distant
sites. Malignant tumors will invade and damage other tissues around them. They can also gain the
ability to break off from where they started and spread to other parts of the body {metastasize}, usually
through the bloodstream or through the ymphatic system where the lymph nodes are located. Primary
tumors are classified by the type of tissue from which they arise; metastatic tumors are classified by the
tissue type from which the cancer cells are derived.  Over time, the cells of a malignant tumor become
more abnormal and appear less like normal cells. This change in the appearance of cancer cells is calied
the tumor grade and cancer celfs are described as being well-differcotiated. moderately differentiated,
poorly-differentiated, or undiffercntiated. Well-differentiated cells are quite normal appearing and
resemble the normal cells from which they oniginated. Undifferentiated cells are cells that have become

30 abnormal that if 1s no longer possible to determine the origin of the cells.

[0636]  The tumor can be a solid tumor or a non-solid or soft tissue tumor. Examples of soft tissue
tumors imclude leukemia (e.g., chronic myelogenous leukemia, acute myelogenouns leukemia, adult acute
Ivmphoblastic leukemia, acuie myelogenous levkemia, mature B-cell acute lvmphoblastic leukemia,
chronic lymphocytic leukemia, polvmphocytic leukemia, or hairy cell leukemia), or lvmphoma {e.g., non-
Hodgkin’s lymphoma, cutancous T-cell lymaphoma, or Hodgkin’s disecase}. A solid tumor includes any
cancer of body tissues other than blood, bone marrow, or the tymphatic system. Solid tumors can be
further separated into those of epithelial cell onigin and those of non-epithelial cell onigin.  Examples of
epithehial cell solid tumors tnclude tumors of the gastrointestinal tract, colon, breast, prostate, lung,
kidney, liver, pancreas, ovary, head and neck, oral cavity, stomach, duodenur, small intestine, large
mtestine, anus, gall bladder, labium, nasopharynx, skin, uterus, male genital organ, urinary organs,

bladder, and skin. Solid tumors of non-epithelial ongin include sarcomas, brain tumors, and bone tumors,

[0637]  Epithelial cancers generally evolve from a benign tumor to a preinvasive stage (e.g., carcinoma
ir situ}, to a malignant cancer, which has penetrated the basement membrane and invaded the
subepithehial stroma. Multispecific antigen-binding protein complexes can also be used in these
therapeutic applications, and antibodies that bind HERZ can in particular be used to treat breast cancer,

colorectal cancer, lung cancer, venal cell carcinoma, glioma, or ovarian cancer.

[0638]  Other subjects that are candidates for receiving compositions provided herein have, or are at
risk for developing, abnormal proliferation of fibrovascular tissue, acne rosacea, acquired mumune
deficiency syndrome, artery occlusion, atopic keratitis, bacterial ulcers, Bechets disease, blood borne
tumors, carotid obstructive disease, choroidal neovascularization, chronic inflammation, chronic retinal
detachment, chronic uveitis, chronic vitritis, contact lens overwear, corneal graft rejection, corneal
neovascularization, corneal graft neovascularization, Crohn’s discase, Fales discase, epidemic

keratoconjunctivitis, fungal ulcers, Herpes simplex infections, Herpes zoster infections, hvperviscosity
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syndromes, Kaposi's sarcoma, leukemia, lipid degeneration, Lyme’s disease, marginal keratolysis,
Mooren ulcer, Mycobacieria infections other than leprosy, myvopia, ocular neovascular discase, optic pits,
Osler-Weber syndrome (Osler-Weber-Rendu), osteoarthnitis, Paget’s disease, pars planitis, pemphigoid,
phyvlectenulosis, polyarteritis, post-laser complications, protozoan infections, pseudoxanthoma elasticam,
ptervgium keratitis sicca, radial keratotomy, retinal neovascularization, retinopathy of prematurity,
retrolental fibroplasias, sarcoid, scleritis, sickle cell anemia, Sogren’s syndrome, solid tumors, Stargart’s
disease, Steven’s Johmeon disease, superior imbic keratitis, syphilis, systeric hupus, Terrien’s marginal
degeneration, toxoplasmosts, tumors of Ewing sarcoma, tumors of neuroblastoma, tumors of
osteosarcoma, tumors of retinoblastoma, tumors of rhabdomyosarcoma, ulcerative colitis, vein occlusion,
Vitamin A deficiency, Wegener’'s sarcoidosis, undesired angiogenesis associated with diabetes, parasitic
diseases, abnormal wound healing, hyvpertrophy following surgery, injury or trauma {e. 2., acuie lung
mnjury/ARDS), inhibition of hair growth, inhibition of ovulation and corpus luteum formation, inhibition

of tuplantation, and 1nhibition of embryo development in the uterus.

[3639] Examples of allergic or inflammatory disorders or autoimmune discases or disorders that may
be treated using 3 multispecific antigen-binding protein made according to the methods described herein
include, but are not limited to arthritis (rheumatoid arthritis such as acute arthritis, chronic rheumatoid
arthritis, gouty arthnitis, acutc gouty arthritis, chronic inflamomatory arthritis, degenerative arthritis,
mfectious arthritis, Lyvme arthnitis, prohiferative arthritis, psonatic arthntis, vertebral arthritis, and
pivenile-onset rheumatoid arthritis, ostecarthritis, arthritis chronica progrediente, arthritis deformans,
polvarthritis chronica primarta, reactive arthritis, and ankvlosing spondylitis), inflammatory
hyperproliferative skin discases, psoriasis such as plague psoriasis, guttate psorasts, pustular psoriasis,
and psoniasis of the nails, dermatitis including contact dermanitis, chronic contact dermatitis, allergic
dermatitis, allergic contact dermatitis, dermatitis herpetiformis, and atopic dermatitis, x-linked hyper IgM
syndrome, urticaria such as chronic allergic urticaria and chronic idiopathic urticasia, imcluding chronic
autoimmune urticaria, polyvmyositis/dermatomyositis, juvenile dermatomyositis, toxic epidermal
necrolysis, scleroderma (including systemic scleroderma), sclerosis such as systemic sclerosis, muluple
sclerosis (MS) such as spina-optical MS, primary progressive MS (PPMS), and relapsing renntting MS
{RRMS), progressive systemic sclerosis, atherosclerosis, arteriosclerosis, sclerosis disseminata, and
ataxic sclerosis, inflammatory bowel disease (IBD) (for example, Crohn’s disease, autoimmune-mediated
gastrontestinal diseases, cohifis such as ulcerative colitis, colitis ulcerosa, microscopic colitis,
collagenous colitis, colitis polyposa, necrotizing enterocolitis, and transmural colitis, and autoimmune
inflammatory bowel disease), pyoderma gangrenosum, ervthema nodosum, primary selerosing
cholangitis, episcleritis, respiratory distress syndrome, including adult or acute respiratory distress
syndrome (ARDS), meningitis, inflammation of all or part of the uvea, iniiis, choroiditis, an autotamune
hematological disorder, rheumatoid spondylitis, sudden heanng loss, IgE-mediated diseases such as

anaphylaxis and allergic and atopic rhimitis, encephalitis such as Rasmussen’s encephalitis and limbic
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and/or brainstem encephalitis, uveitis, such as anterior uveitis, acute anterior uveitis, granulomatous
uveitis, nongranulomatous uveitis, phacoantigenic uveitis, posteTior uveilis, or autoimmune uveitis,
glomerulonephritis (GN} with and without nephrotic syndrome such as chromic or acute
glomerulonephritis such as prnimary GN, immune mediated GN, membranous GN {(membrancus
nephropathy), idiopathic membranous GN or idiopathic membranous nephropathy, membrane- or
membranous proliferative GN (MPGN), including Type 1 and Type 1L, and rapidly progressive GN,
allergic conditions, allergic reaction, eczema including allergic or atopic eczema, asthma such as asthma
bronchiale, bronchial asthma, and auto-immune asthma, conditions involving infiltration of T-cells and
chronic inflaramatory responses, chronic pulmonary inflammatory discase, autoimmune myoccarditis,
leukocvie adhesion deficiency, systenic lupus ervthematosus (SLE) or systemic lupus ervihematodes
such as cutaneous SLE, subacute cutaneous lupus ervthematosus, neonatal lupus syndrome (NLE), lupus
erythematosus disseminatus, lupus (including nephritis, cerebritis, pediatric, non-renal, extra~renal,
discoid, alopecia), juvenile onset (Type B diabetes mellitus, including pediatric insulin-dependent
diabetes mellitus (IDDM), adult onset diabetes mellitus (Type [ diabetes), antoimmune diabetes,
idiopathic diabetes insipidus, immune responses assoctated with acute and delaved hypersensitivity
mediated by cviokines and T-lymphocyies, tuberculosis, sarcoidosis, granuiomatosis including
ymphomatoid granulomatosis, Wegener’s granulomatosis, agramilocytosis, vasculitides, including
vasculitis {inchuding large vessel vasculitis (including polvmyalgia rheomatica and giant cell
{Takavasu’s) arteritis}, medium vessel vasculitis (including Kawasaki’'s discase and polyarteritis nodosa),
microscopic polvarteritis, CNS vasculitis, necrotizing, cutancous, or hypersensitivity vasculitis, systemic
necrotizing vascolitis, and ANCA -assoctated vascuditis, such as Churg-Strauss vasculitis or syndrome
{CSSY), temporal arteritis, aplastic anemia, autoimmune aplastic anemia, Coombs positive anemia,
Diamond Blackfan anemia, hemolytic anemia or inunune hemolviic anenia including antoimmune
hemolvtic anemia {ATHA), pernicious anemia {(anemia perniciosa), Addison’s disease, pure red cell
anemia or aplasia (PRCA), Factor VIH deficiency, hemophilia A, antotmmune’ neutropenia,
pancytopenia, leukopenia, diseases involving leukocvie diapedesis, CNS mflammatory disorders,
multiple organ injurv syndrome such as those secondary to septicemia, travma or hemorrhage, antigen-
antibody complex mediated discases, anti-glomerular basement membrane disease, anti-phospholipid
antibody syndrome, allergic neuritis, Bechet's or Beheet's discase, Castleman’s syndrome, Goodpasture’s
syndrome, Revnaud’s syndrome, Sjogren’s syndrome, Stevens-Johnson svindrome, pemphigoid such as
pemphigoid bullous and skin pemphigoid, pemphigus (ncluding pemphigus vulgaris, pemphigus
foliaceus, pemphigus mucus-membrane pemphigoid, and pemphigus erythematosus), autoimmune
polvendocrinopathies, Reiter’s disease or syndrome, immung complex nephritis, antibodv-mediated
nephritis, neuromyelitis optica, polyneuropathies, chronic nenropathy such as IgM polyneuropathies or
IsM-mediated neuropathy, thrombocoytopenia {as developed by myoeardial infarction patients, for
cxample}, including thrombotic thrombocviopenic purpura (T1P) and autoimmune or immune-mediated

thrombocytopenia such as idiopathic thrombocviopenic purpura (ITP) including chronic or acute ITP,
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autoimmune disease of the testis and ovary including awtoimmune orchitis and oophoritis, primary
bvpothvroidiso, hypoparathyroidism, auntoimmune cndocrine discases including thyroiditis such as
autovmmune thyroiditis, Hashimoto’s disease, chronic thyroiditis (Hashimoto’s thyrowditis}, or subacute
thyroiditis, autotmmune thyroid disease, diopathic hypothyroidism, Grave’s disease, polvglandular
syndromes such as autoimmune polyglandular syndromes (or polyglandular endocrinopathy syndromes),
parancoplastic syndromes, including neurologic parancoplastic syndromes such as Lambert-Eaton
myasthenic syndrome or Eaton-Lambert syndrome, stiff-man or stiff-person syndrome,
encephalomyelitis such as allergic encephalomyelitis or encephalomyelitis allergica and experimental
allergic encephalomyelitis (EAE), myasthenia gravis such ag thymoma-associated myasthenia gravis,
cerchellar degeneration, nouromyotonia, opsoclonus or opsoclonus myoclonus syndrome (OMS), and
sensory neuropathy, multtifocal motor neuropathy, Shechan’s syndrome, autoimmune hepatitis, chromie
hepatitis, hupoid hepatitis, giant cell hepatitis, chronic active hepatitis or autoimmune chronic active
hepatitis, lymphoid interstitial pneumonitis, bronchiolitis obliterans (non-transplant} vs NSIP, Guillain-

Barre syndrome, Berger’s discase (IgA nephropathy), idiopathic IgA nephropathy, tinear IgA dermatosis,

g2 d

«

primary biliary cirthosis, pneumonocurhosis, autoimmune enteropathy svndrome, Celiac disease, Cochiac
disease, celiac sprue (gluten enteropathy), refractory sprue, idiopathic sprue, cryoglobulinemia,
amvlotrophic lateral sclerosis {ALS; Lou Gehnig’s disease), coronary artery disease, autoimmune ear
disease such as autoimmune inner gar disease {AIED), avtoimmune hearing loss, opsoclonus myoclonus
syndrome {OMS), polvchondritis such as refractory or relapsed polvchondritis, pulmonary alveolar
proteinosis, amvloidosis, scleritis, a non-cancerous tymphocytosis, a prnimary lvmphocyiosis, which
mclodes monoclonal B cell lvimphocyvtosis {e.g., benign monoclonal gammopathy and monoclonal
gammopathy of vadetermined significance, MGUS), peripheral neuropathy, parancoplastic syndrome,
channclopathies such as cpilepsy, migraine, arthvthmia, muscular disorders, deafness, blindness, periodic
paralvsis, and channelopathies of the CNS, autism, inflammatory mvopathy, focal segmental
glomerulosclerosis (FSGS), endocrine ophthalmopathy, uveoretinitis, chortoretinitis, autoimmune
hepatological disorder, fibromvalgia, multiple endocrine faibure, Schmidt’s syndrome, adrenalitis, gastric
atrophy, presenile dementia, demyelinating discases such as awtotnmune demvelinating discases, diabetic
nephropathy, Dressier’s syndrome, alopecia areata, CREST syndrome (calcinosis, Raynaud’s
phenomenon, esophageal dysmotility, sclerodactyly, and telangicctasia), male and female autoimnume
wnfertibity, mixed connective tissue disease, Chagas™ disease, rheumatic fever, recurrent abortion, farmer’s
hang, ervthema multiforme, postecardiotomy syndrome, Cushing’s syndrome, bird-fancier’s lung, allergic
granulomatous angntis, bemgn lvmphocytic angiitis, Alport’s syndrome, alveolitis such as allergic
alveolitis and fibrosing alveolitis, interstitial lung disease, transfusion reaction, leprosy, malaria,
leishmaniasis, kypanosomiasis, schistosomiasis, ascartasis, aspergiliosis, Sampter’s syndrome, Caplan’s
syandrome, dengue, endocarditis, endomyocardial fibrosis, diffuse interstitial pulmonary fibrosis,
imterstitial lung fibrosis, idiopathic pulmonary fibrosis, cystic fibrosis, endophthalmitis, ervthema

elevatum et diutinum, erythroblastosis fetal 1s, eosinophilic faciitis, Shulman’s syndrome, Feltv’s
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syandrome, flartasis, cyclitis such as chronic eyclitis, heterochronic cychitis, indocyelitis, or Fuch’s
cvelitis, Henoch-Schonlein purpura, human immunaodeficiency virus (HIV) infection, echovirus infection,
cardiomyopathy, Alzheimer’s disease, parvovirus infection, rubelia virus infection, post-vaccination
syndromes, congenital nibella mfection, Epstem-Barr virus infection, mumps, Evan’s syndrome,
autoimmune gonadal failare, Sydenham’s chorea, post-streptococcal nephritis, thromboangitis ubiterans,
thyrotoxicosis, tabes dorsalis, chorioiditis, giant cell polymyalgia, endocrine ophthalmopathy, chronic
hypersensitivity pneumonttis, keratoconjunctivitis sicca, epidemic keratoconjunctivitis, idiopathic
nephritic syndrome, minimal change nephropathy, benign familial and ischemia-reperfusion injary,
retinal autormmunity, joint mmflammation, bronchitis, chronic obstructive airway disease, silicosis,
aphthae, aphthous stomatitis, arieriosclerotic disorders, aspermatogenesis, autoimmune hemolysis,
Boeck’s disease, cryoglobulinemia, Dupuytren’s contracture, endophthalmitis phacoanaphylactica,
enteritis allergica, ervthema nodosum leprosum, idiopathic facial paralvsis, chronic fatigue svndrome,
febris rheumatica, Hamman-Rich’s disease, sensoncural hearing loss, hemoglobinuria paroxistica,
hypogonadism, ileitis regionalis, leucopenia, mononuclcosis infectiosa, traverse myelitis, primary
idiopathic mysedema, nephrosis, ophthalmia simpatica, orchitis granulomatosa, pancreatitis,
polvradiculitis acuta, pyvoderma gangrenosum, Quervamn’s thyreoiditis, acquired spenic atrophy, ifertility
due to antispermatozoan antobodies, non-malignant thymoma, vitiligo, SCID and Epstein-Barr virus-
associated diseases, acquired immune deficiency syndrome (AIDS), parasitic discases such ag
Leishmania, toxic shock syndrome, food poisoning, conditions involving infiliration of T-celis, leukocyte
adhesion deficiency, immume responses associated with acute and delaved hvpersensitivity mediated by
cvtokines and T-lymphocytes, discases involving leukocvte diapedesis, multiple organ injury syndrome,
antigen-antibody complex mediated discases, antiglomerular basement membrane discase, aliergic
neuritis, autoimmune polyendocninopathies, oophoritis, primary myxedema, autoimmune atrophic
gastritis, sympathetic ophthalmia, rheumatic discases, mixed connective fissue discase, nephrotic
syndrome, inselitis, polyendocrine failure, peripheral neuropathy, autoimmune polyglanduolar syndrome
type L adult-onset idiopathic hypoparathyroidism {AOIH), alopecia totalis, dilated cardiomyopathy,
epidermolysis bullosa acquisita (EBA), hemochromatosis, myocarditis, nephrotic syndrome, primary
sclerosing cholangitis, purulent or non-purulent sinusitis, acute or chronic sinusitis, ethmoid, frontal,
maxillary, or sphenoid sinusitis, an eosinophil-related disorder such as eosinophilia, pulmonary
wnfiliration cosinophilia, cosinophiliamyalgia syndrome, Loffler’s syndrome, chronic cosinophilic
preumonia, tropical pulmonary cosinophilia, bronchopneumonic aspergillosis, aspergilioma, or
granulomas containing cosmnophils, anaphylaxis, seronegative spondylcarthritides, polvendocrine
autormmune disease, sclerosing cholangitis, sclera, episclera, chronic mucocutanecus candidiasis,
Bruton™s syndrome, transient hypogammaglobulinemia of infancy, Wiskott-Aidrich syndrome, ataxia
telangicctasia, autormmune disorders associated with collagen disease, rheumatism, neurclogical disease,
ischemic reperfusion disorder, reduction in blood pressure response, vascular dysfunction, antgiectasis,

tissue injury, cardiovascular ischemua, hyperalgesia, cerebral ischemia, and disease accompanying

190



WO 2016/172485 PCT/US2016/028850

vascularization, allergic hypersensitivity disorders, glomerulonephritides, reperfusion injury, reperfusion
ijury of mayocardial or other tissucs, dermatoses with acute inflammatory components, acute purulent
meningitis or other central nervous system mflammatory disorders, ocular and orbital inflammatory
disorders, granulocyie transfusion-associated syndromes, cviokine induced toxicity, acute serious
inflammation, chronic intractable inflammation, pyelitis, pneumonocirrhosis, diabetic retinopathy,

diabetic large-artery disorder, endarterial hyperplasia, peptic ulcer, valvulitis, and endometriosis.

106401  In addition to therapeutic uses, the multispecific antigen-binding proteins provide herein can be
used for other purposes, including diagnostic methods, such as diagnostic methods for the discases and

conditions described herein.
Bosages, Formulations, and Duration

{8641]  The proteins provided herein will be formulated, dosed, and administered in a fashion
consistent with good medical practice. Factors for consideration in this context inchide the particular
disorder being treated, the particular mammal bemg treated, the chinical condition of the individual
subject, the cause of the disorder, the site of delivery of the agent, the method of administration, the
scheduling of administration, and other factors known to medical practitioners. The “therapeutically
effective amount” of the proteins to be adminustered will be governed by such considerations, and 1s the
mintmum amowmy necessary to prevent, ameliorate, or freat a particular disorder (for example, a cancer,
allergic or inflammatory disorder, or autoimmune disorder). The proteins need not be, but are optionally,
formulated with one or more agents currently used to prevent or treat the disorder. The effective amount
of such other agents depends on the amount of proteins present in the formulation, the type of disorder or
treatment, and other factors discussed above. These are generally used in the same dosages and with
administration routes as used hereinbefore or about from 1 to 99% of the heretofore emploved dosages.
Generally, alleviation or treatment of a cancer involves the lessening of one or more symptoms or
medical problems associated with the cancer. The therapeutically effective amount of the drog can
accomplish one or a combination of the following: reduce (by at least 10%, 20%., 30%, 40%, 50%, 60%,
709%, 80%, B0%, 100% or more) the number of cancer cells; reduce or inhubit the tumor size or tumor
burden; inhibit (i.e. | to decrease to some extent and/or stop) cancer cell infiltration into peripheral organs;
reduce hormonal secretion in the case of adenomas; reduce vessel dengity; inhibit tumor metastasis;
reduce or inhibit tumor growth; and/or relicve to some extent one or more of the symptoms associated
with the cancer. In some embodiments, the proteins are used to prevent the occurrence or reoccurrence of

cancer or an autoimmune disorder in the subject.

[0642]  In one embodiment, the compositions provided herein be used for increasing the duration of
survival of a haman subject susceptible to or diagnosed with a cancer or autoimmune disorder. Duration

of survival is defined as the time from first administration of the drug to death. Duration of survival can
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also be measured by stratified hazard ratio (HR) of the treatment group versus control group, which

represents the risk of death for a subject during the treatment.

[0643]  In certain embodiments, the treatment significantly increases response rate in a group of human
subjects susceptible to or diagnosed with a cancer who are {reated with various anti-cancer therapies.
Response rate 1s defined as the percentage of treated subjects who responded to the treatment. In one
aspect, the combination treatment comprises use of multispecific antigen-binding proteins provided
herein and suigery, radiation therapy, or one or more chemotherapeutic agents significantly increases
response rate in the treated subjoct group compared to the group treated with surgery, radiation therapy,
or chemotherapy alone, the merease having a Chi-square p-value of less than 0.005. Additional
measurements of therapeutic efficacy in the treatment of cancers are described in U5, Patent Application

Publication No. 20050186208,

Pharmaceutical Compositions and Formulations

[0644]  The multispecific antigen-binding proteins disclosed herein can be formulated with suitable
carriers or excipients so that they are suitable for admimistration. Suitable formulations of the
multispecific antigen-binding proteins disclosed hercin are obtained by mixing multispecific antigen-
binding proteins disclosed herein having the desired degree of purity with optional pharmaceatically
acceptable carricrs, excipients or stabilizers (Remington’s Pharmaceutical Sciences 16th edition, Osol, A,
Ed. (1980)), in the form of lvophilized formulations or agueous solutions. Acceptable carriers, excipients,
or stabilizers are nontoxic to recipients at the dosages and concentrations emploved, and include buffers
such as phosphate, citrate, and other organic acids; antioxidants including ascorbic acid and methionine;
preservatives (such as octadecyldimethylbenzy! ammonium chlonde; hexamethonium chioride;
benzatkonium chloride, benzethonium chioride; phenol, butyl or benzy! alcohol; alkyl parabens such as
methyl or propylparaben; catechol; resorcinol; cyelohexanol; 3-pentanol; and m-cresol}; low molecular
weight {less than about 10 residucs) polypeptides; proteins, such as serum albamin, gelatin, or
immunoglobuling; hydrophilic polymers such as polyvinyipvrrolidone; amino acids such as glveine,
glutamine, asparagine, histiding, argimine, or lysine; monosaccharides, disaccharides, and other
carbohvdrates including glucose, mannose, or dextring; chelating agents such as EDTA; sugars such as
sucrose, mannitol, trehalose or sorbitol; salt-forming counter-ions such as sodium; metal complexes {e.g.
Zu-protein complexes); and/or non-ionic surfactants such as TWEEN™ PLURONICS™ or polyethylene
glveol (PEG). Exemplary antibody formulations, which can be applied to the multispecific antigen-
binding proteins provided herein, are described in W098/564 18, expressly incorporated herein by
reference. Lyophilized formulations adapted for subcutancous administration are described 1o W97
/04801, Such lyophilized formulations may be reconstituted with a suitable diluent to a high protein
concentration and the reconstituted formulation may be adounistered subcutancously o the mammal to

be treated herein.
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[0645]  The formulation herein may also contain more than one active compound as necessary for the
particular indication being treated, preferably those with complementary activities that do not adversely
affect cach other. For example, 1t may be desirable to further provide an anti-neoplastic agent, a growth
inhibitory agent, a cviotoxic agent, or a chemotherapeutic agent. Such molecules are suitably present in
combination in amounts that are effective for the purpose intended. The effective amount of such other
agents depends on the amount of multispecific antigen-binding protein present n the formulation, the
type of disease or disorder or treatment, and other factors discussed above. These are generally used in
the same dosages and with administration routes as described heremn or about from 1 to 99% of the
heretofore emploved dosages. The active mgredients may also be entrapped in microcapsules prepared,
for example, by coacervation techuigues or by interfacial polvimerization, for example,
hvdroxymethylcellulose or gelatin-microcapsules and polyv-(methylmethacylate) microcapsules,
respectively, in colloidal drug delivery systems (for example, liposomes, albumin microspheres,
microemulsions, nano-particles and nanocapsules) or in macroemalsions. Such techniques are disclosed
in Remington's Pharmaceutical Sciences 16th edition, Osol, A. Ed. (1980). Sustained-release
preparations may be prepared. Suitable examples of sustained release preparations include semi-
permeable matrices of solid hvdrophobic polymers contaming the antagonist, which matrices are in the
form of shaped articles, e.g. films, or microcapsules. Examples of sustained-release matrices include
polvesters, hydrogels {for example, poly{(Z-hvdroxvethvi-methacrylate), or poly(vinylalcohol)),
polviactides (U.S. Pat. No. 3,773,919), copolymers of L-ghwtamic acid and. ethvi-L-glutamate, non-
degradable ethyvlene-vinyl, degradable Iactic acid-glycolic acid copolymers such as the LUPRON
DEPOT™ {(imjectable microspheres composed of lactic acid-glyeolic acid copolvmer and leuprohide

acetate), and poly-D-{-3-3-hydroxybutyric acid.

{8646]  Lipofecting or hiposomes can be used to deliver the multispecific antigen-binding proteins

disclosed herein or compositions provided herein info cells.

{66471  Optionally, but preferably, the formulation contaims a pharmaceutically acceptable salt,
preferably sodivm chloride, and preferably at about physiological concentrations. Optionally, the
formulations can contain a pharmaceutically acceptable preservative. In some embodiments the
preservative concentration ranges from 6.1 to 2.0%, typically v/v. Suitable preservatives include those
known in the pharmaceutical arts. Benzyl alcohol, phenol, m-cresol, methyiparaben, and propylparaben
arg preferred preservatives. Optionally, the fornmdations can include a pharmaceutically acceptable

surfactant at a concentration of §.005 to 0.02%.

10648]  Sustaimed-release proparations may be prepared. Suitable examples of sustained-release
preparations include semipermeable matrices of solid hydrophobic polymers containing the multispecific
antigen-binding protein, which matrices are 1 the form of shaped articles, ¢.g., films, or microcapsule.

Examples of sustained-release matrices include polyesters, hydrogels (for example, polv(2-
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hydroxyethyimethacrylate), or poly{(vinyialcohol)), polviactides (U.S. Patent No. 3,773,919}, copolymers
of L~-glutamic acid and ethvi-L-glutamate, non-~degradable cthylenc- vinyl acetate, degradable lactic acid-
glveolic acid copolymers such as the LUPRON DEPOT™ (injectable microspheres composed of lactic
acid-glveolic acid copolymer and feuprolide acetate), and poly-D-(-)-3-hydroxybutyric acid. While
polymers such as ethvlene-vinyl acetate and lactic acid-glycolic acid enable release of molecules for over
100 days, certain hvdrogels release proteins for shorter time periods. When encapsulated multispecific
antigen-binding protein(s) remain in the body for a long time, they may denature or aggregate as a result
of exposure to moistare at 37°C, resulting in a loss of biclogical activity and possible changes in
immunogenicity. Rational strategies can be devised for stabilization depending on the mechanism
mvolved. For example, if the aggregation mechanism is discovered to be intermolecular S-S bond
formation through thio-disulfide interchange, stabilization may be achieved by modifving sulthvdryl
residues, lyophilizing from acidic solutions, controlling moistare content, using appropriate additives,

and developing specific polymer matrix compositions.

[0648]  The proteins descnbed herein (e g., a multispecific antigen-binding protein {such as an
bigpecific antibody) provided herein} are administered to a human subject, in accord with known
methods, such as intravenous administration as a bolus or by continuous infusion over a period of time,
by intramuscular, intraperitoneal, intraccrobrospinal, subcutancous, wira-articular, imtrasynovial,
mtrathecal, oral, topical, or mhalation routes. Local admimstration may be particularly desired if
extensive side effects or toxicity is associated with antagonism to the target molecule recognized by the
proteins. An ex vive strategy can also be used for therapeutic applications. £x vive strategies involve
transfecting or transducing cells obtained from the subject with a polvnucleotide encoding a protein
provided herein. The transfecied or transduced cells are then returned to the subject. The cells can be any
of a wide range of types including, without limitation, hemopoietic cells {e.g., bone marrow cells,
macrophages, monocytes, dendritic cells, T cells, or B cells), fibroblasts, epithelial cells, endothelial cells,

keratmocvtes, or muscle cclls.

106561  In onc cxample, the multispecific antigen-binding protein (such as a bispecific antibody) is
adnunistered locally, e.g., by direct injections, when the disorder or location of the tumor pemmits, and the
mjections can be repeated periodically. The protein complex can also be dehivered systemically to the
subject or directly to the tumor cells, .2, 10 a tumor or a tumor bed following surgical excision of the

tumor, in order to prevent or reduce local recurrence or metastasis.

Diagnosis and Imaging

[0631]  Multispecific antigen-binding proteins (such as bispecific antibodies) provided herein can be
used to assay protein levels in a biglogical sample using classical immunohistological methods known to

those of skill in the art (e.g., seelalkanen, er af., J. Cell Biol 101:976-985 (1985); Jalkanen, er ¢/, J.
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Cell Biol 105:3087-3096 (198733, Other antibody-based methods useful for detecting protein gene
expression include imumunoassays, such as the enzyme hinked immunosorbent assay (ELISA) and the
radiotmmunoassay (RIA} can be adapted for use with a multispecific antigen-binding protein (such as an
bispecific antibody) provided herein. Suitable assay labels are known in the art and mclude enzyvme
labels, such as, glucose oxidase; radioisotopes, such as iodine ('L, "L 'L "*'D), carbon (*C), sulfur
P8y, tritiwn CH), indiom (""in, ™, Pin, Y In), and technetium (PTe. " Te), thallium > Ti), gallium
(®Ga. “'Ga), palladium ("VPd), molybdenum (Mo}, xenon ("Xe), fluorine (°F), 7 8Sm, ""Lu, G4,
Wpm, "La, UYb, Ho, Y, V'S¢, *Re, "Re, MPr, "Rh, TRy Tuminol; and fluorescent labels, such

as fluorescein and rhodamine, and biotin.

[0682]  Technigues known in the art may be applied to multispecific antigen-binding proteins {such as
bispecific antibodies) provided herein. Such techniques include, but are not limited to, the use of
bifunctional conjugating agents (seee.g., U.S. Pat. Nos. 5,756,065, 5,714,631, 5,696,239, 5,652,361,
5,505,931, 5489425, 5,435,990, 5,428,139: 5,342,604 5.274,119; 4,994,560; and 5,808,003). Onc can
also study overexpression of one or more antigens of interest by measuring shed antigen{s) in a biclogical
fluid such as serum, e.g., using antibody-based assays {see also, e.g, UL, Patent No. 4,933,294 issued
Fung 12, 1990; W091/05264 published Apnili8, 1991; U.S Patent 5,401,638 1ssucd March 28, 1995; and
Sias ef al., J. Immunol. Merhods 132:73-80 (1990)) adapted for use with multispecific antigen-binding
proteins (such as bispecific antibodies) provided herein. Aside from the above assavs, various in vivo and
ex vivo assays are avatiable to the skilled practitioner. For example, one can expose cells within the body
of the mammal tc multispecific antigen-binding proteins {such as bispecific antibodies) provided herein
which are optionally labeled with a detectable label, e.g., a radioactive isotope, and binding of the
multispecific antigen-binding proteins (such as bispecific antibodics) to one or more antigen(s) of mterest
can be evaluated, e.g., by external scanning for radicactivity or by analvzing a sample (e.g., a biopsy or
other biological sample} taken from a mammal previously exposed to the multispecific antigen-binding

protein.
Articles of Manufacture and Kits

(06531  Also provided are articles of manufacture containing one or more maltispecific antigen-binding
proteins (such as bispecific antibodies) described herein, and materials usefidd for the treatment or
diagnosis of a disorder (for example, an antormmune disease or cancer). In certain crabodiments, the
article of manufacture comprises a container and a label or package insert on or associated with the
container. Suitable contamers include, for example, boitles, vials, syringes, efc. The containers may be
formed from a variety of materials such as glass or plastic. The container holds a composition that is
effoctive for treating the condition and may have a sterile access port (for example the container may be
an intravenous solution bag or a vial having a stopper pierceable by a hypodermic mjection needle). At

least one active agent in the composition is a multispecific antigen-binding protein {such as a bispecific
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antibody) provided herein. The label or package insert indicates that the composition s used for treating
the particular condition. The label or package insert will further comprise instructions for adounistenng
the multispecific antigen-binding protein composition to the subject. Articles of manufacture and kits

comprising combinatorial therapies described hercin are also contemplated.

[0654]  “Package insert” refers to instructions customartly included in commercial packages of
therapeutic products that contaim information about the indications, usage, dosage, admunistration, contra
mndications and/or warnings concerning the use of such therapeutic products. In certain embodiments, the
package insert indicates that the composition is used for treating breast cancer, colorectal cancer, hung

cancer, renal cell carcinoma, ghioma, or ovarian cancer.

[0655]  Additionally, the article of manufacture may further comprise a second container comprising a
pharmaceutically-acceptable buffer, such as bacteniostatic water for injection (BWF1), phosphate-
buffered saline, Ringer’s solution and dextrose solution. It may further include other materials
considerad from a commercial and vser standpoint, including other buffers, diluents, filters, needles, and

SYTinges.

[0656]  Kits are also provided that are usefild for various purposes, e.g., for purification or
immunopreciptiation of two or more target antigens from cells. For isolation and purification of two or
maore target antigens, the kit can contain a multispecific antigen-binding protein {e.g., an EGFR/HERZ
antibody) coupled to beads (e.g., sepharose beads). Kits can be provided which contain the multispecitic
antigen-binding protein(s) for detection and quantitation of the antigen in vitro, e.g., in an ELISA ora
Western blat. As with the article of manufacture, the kit comprises a container and a label or package
msert on or associated with the container. The container holds a composition comprising at least one
multispectfic antigen-binding protein (such as a bispecific antibody) provided heremn. Additional
containers may be included that contain, e.g., diluents and buffers or control antibodies. The label or
package insert may provide a description of the composition as well as instructions for the intended in

vitro or diagnostic use.
Computer Implementation

[0687]  Provided herein i1s a computer readable medium for evaluating a multispecific antigen binding
protein comprising 1} a first heavy chain/light chain pair binding to a first antigen which comprises a first
heavy chain sequence (H1) and a first hight chain sequence (L1}, and 2) a second heavy chain/light chain
pair binding 1o a second antigen which comprises a second heavy chain sequence (H2) and a second light
chain sequence (£2), wherein cach H1 and H2 comprises a heavy chain variable domain (VH) and a
heavy chain constant domain {CH1}, and cach L1 and L2 comprises a light chain variable domain (VL)

and a light chain constant domain (CL).
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[0658]  In certain embodiments, the computer readable medium comprises a dataset comprising data
representing amino acid substitutions in H1, L1, H2, and L2, wherein at least one of the amino acid
substitutions in the CHI domain of H1 comprises an amino acid substitution at position 5183 with
reference to SEQ ID NO:1, and wherein the CL domain comprises an aming acid substitution af position
Y133 with reference to SEQ ID NQO:2. In certain embodiments, the computer readable medium
comprises a dataset comprising data representing amino acid substitutions in Hi, L1, H2, and L2,
wherein at least one of the amino acid substitutions in the CHI domain of HI comprises an amino acid
substitution at position F170 or L128 and V185 with reference to SEQ ID NO: 1, and wherein the CL
domain comprises an anuine acid substitution at position 5176 or F118 and L1335 with reference to SEQ
ID NG:Z. In certain embodiments, the computer readable medium comprises a dataset compusing data
representing amino acid substitutions in Hi, L1, H2, and L2, wherein at least one of the amino acid
substitutions in the CHI domain of H1 comprises an amine acid substitation at position 5182, F170 or
L128, and V185with reference to SEQ 1D NG: 1, wherein the CL domain comprises an amine acid

substitution at position V13, S176 or F118, and L.135 with reference to SEQ 1D NG:2.

106591 In certain embodiments, the computer readable medium for evaluating a multispecific antigen
binding protein comprises computer executable code for determining the likelihood that HI will
preferentially pair with L1 as compared to L2 and/or H2 will preferentially pair with L2 as compared to

LL

{066G]  In certain embodiments, a computer comprises at least one processor coupled to a chipset. Also

coupled to the chipset are a memory, a storage device, a keyvboard, a graphics adapter, a pointing device,
and a network adapter A display is coupled to the graphics adapter. In one embodiment, the functionality
of the chipset is provided by a memory controller hub and an 1O controlier hub. In another embodiment,

the memory is coupled directly to the processor instead of the clupsct.

[0661]  The storage device 1s any device capable of holding data, like a hard drive, compact disk read-
only memorv (CD-ROM), DVD, or a solid-state memory device. The memory holds instructions and
data used by the processor. The pointing device may be a mouse, track ball, or other type of pointing
device, and is used in combination with the keyboard to input data mto the computer system. The
graphics adapter displavs tmages and other information on the display. The network adapter couples the

computer svstem to a local or wide area network.

136621  As s known in the art, a computer can have different and/or other components than those
described previously. In addition, the computer can lack certain components Morcover, the storage
device can be local and/or remote from the computer (such as embodied within a storage area network

{SAN)).
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[0663]  Asis known in the art, the computer is adapted to execute computer program medules for
providing functionality described herein. As used herein, the term “module” refers to computer program
togic utilized 1o provide the specified functionality. Thus, a module can be implemented in hardware,
firmware, and/or softwarg. In one embodiment, program modules are stored on the storage device,

loaded into the memory, and executed by the processor.

[0664]  The foregoing written description 13 considered to be sufficient to enable one skilled in the art
to practice the invention. The following Examples are offered for illustrative purposes only, and are not
mtended to Hout the scope of the present invention in any way. Indecd, various modifications in addition
to those shown and described herein will become apparent to those skilled in the art from the foregoing

description and fall within the scope of the appended claims.

EXAMPLES

Example 1: Engineering Antibody Heavy Chain/Light Chain Pairs Using Strategy #1

13665]  Fab assembly is mndependently driven by VH/VL and CHI/CL domain interaction. CL
destabilizing mutations may onlv have modest effect on antigen binding; vet disruption of the interaction
between the CHI and CL domains can interfere with the antibody folding and secretion in mammalian
cells (data not shown). We generated a panel of CHU/CL mutation pairs to direct specific and correct HC
and LC pairing and minimize HC/LC mispairing. The ability of CH/CL mutation pairs to direct correct

pairing was cxanuned as described in further detail below.

[0666]  Muations at F118, V133, or L135 in the CL domain were found to perturb assembly with CHI
{data not shown}. To identify amino acid positions in the CH1 domain that restore assembly with
mutated CL domains, antibody constant domains PDIB 1D 1CA8 were prepared using PyMol. Using
human-guided design based on detaled knowledge of the structure and function of the heavy chain CHI
domain and hight chain CL domain, substitutions at positions L128, G143, 1145, S183, and V185, alone
or in combination, of the CH1 domain were tested. Heavy chains bearing a charged amino acid
substitution mutation at position 5183 werc shown to improve antibody cxpression in the context of
oppositely charged CL substitution mutations {see Figures 1A and 1B). Figures 1A and 1B show
protein A recovery from 1 ml 2937 cultures (A280 absorbance units (A U)). Thus, 5183 mutants were

selected for further analysis.

0667  Mutant CHI and motant CL domains were sereened to intially identify mutation pairs that
restore antibody expression. As an initial screen, antibody light chains bearing a CL in which F118§,
V133, or 1135 was substituted with a posttively charged amino acid {i.e., K or R) were generated and
heavv chains bearing a CHI 1n which S183 was substituted with a negatively charged amino acid (f.e., E

or D} were generated using standard molecular biology techniques and cloned mto mammalian
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expression vectors. Plasmids encoding a heavy chain CHI1 domain bearing an 5183E or S183D mutation
and a light chain CL domain bearing a2 F118K, F118R, V133K, VI33R, V135K, or L135R substitution
mutation were co-transtected 1n equal concentrations using | mb transient transfection cultures of
HEK293T cells as previcusly described {see, e.g., Bos er ¢f. (2014) “Bevelopment of a semi-automated
high throughput transient transfection system.” Journal of Biotechnology 188, 10-16). This procedure

was repeated for every pairwise combination of CHI and CL mutants.

{06681  Human lgGl was purified from mammalian culture supernatants by MabSelectSure (GE
Healthcare, USA) according to the manufacturer’s protocol, and antibody expression was calculated by
OD280 measurement of the punfied MabSelectSure cluate. As shown in Figure 2, antibody expression
was improved when the V133K CL mutation was paired with the S183D CHI muotation or the S183E
CHI1 mutation as compared to V133K paired with wide type CHI. Total antibody vield {ug} obtaine

from 150ul. volume MabSelectSure purification eluate 1s shown on the y-axis of Figure 2.

10669]  As shown in the X-ray crystal structure provided in Figare 3.V 133 m the light chain constant
domain {CL) and $183 in the heavy chain CH1 domain reside at the interior of the interface of the hight
chain CL and heavy chamm CH1 domains of IgG. The structure is similar in {gG4. 5183 (EU numbenng,
equivalent to 5188 under the Kabat numbering) of CHI is conserved across human and mouse germlmes,
and V133 is present in human and mouse kappa and lambda light chains. Without being hmited to any
one theory, the substitution of a charged amino acid at V133 and the substitution of an amino acid having
an opposiic charge at $183 may create new, stabilizing interactions with surrounding amino acid residucs

{such as 8176 and $178 in the CL domain) that are not present in the unmodified CHI/CL interface.

{8670] Further experiments were performed to identify additional specific V133X/S183X mutant
pairs that showed good levels of antibody expression. VI133X/5183X mutant pairs that favor CHI-CL
pairing were identified using the antibody expression assay described above. Briefly, antibody heavy
chains bearing a CHI S183X substitution mutation {e.g., S183A, S1837T, 8183V, 5183Y, S183F, §183H,
S183N, S183D0, S183E, S183R, or S183K) and light chains bearing a V133X substitution mautation {e.g.,
VI33E, VI338, VI33L, VI33W, VI33K, VI33K, or VI33D) were generated as described above.
Plasmids expressing a heavy chain and light chain with each of the above mutations CHI and CL
mutations were co-transfected m equal concentrations using 30 mL transient transfection cultures of
HEKZ93T cells as described above. This procedure was repeated for every combination of
VI133X/5183X mutant pairs. Total antibody vield (ug) was determined as described above. Expression
results for each V133X/S183X mutant pair are provided in Figure 4. Briefly, Figure 4 shows the total
vield in mg of purified protein from a 30ml 293 T cultures for cach V133X/5183X mutant pair. Antibody
protein level was caleulated from the OD280 measurement of purified MabSelectSurce eluates.
VI133X/S183X mutant pairs such as VI33K/S183T, VI33K/S183V, VI33K/S5183Y, and VI33K/S8183F,

which demonstrated good levels of antibody expression, were introduced into one arm of an anti-Her
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2/anti-CD3 bispecific antibody. Although the initial resulf of VI33K/S183E expression was not high,
V133K/S183E was also tested in the context of the anti-Her 2/anti-CD3 bispecific antibody. The anti-
Her 2 (4D5) and anti-CD3 (UCHT1) antibodics were selecied based on the following criteria; a) both
heavy and light chains are required for antigen binding; b) component antibodies are expressed well and
not prone to aggregating; and ¢) the parent antibodies show no significant preference for cognate over
non-cognate heavy/hight chain pairing. “4D37 refers to humanized 4D3v8, described in Carter ef of.
£1992) Proc. Natl. Acad. Sci. US4 89, 4285-9. “UCHT!” refers to humanized UCHTIv9, descnbed in
Zhu and Carter (1995) J. Immunoi. 155, 1903-10.

{0671]  In this experiment, the UCHT] heavy cham containg a hole mutation in the CH3 domain
{13668, L368A, Y407V) and the 405 heavy chain contains a knob muutation m the CH3 domain
{T366W). A 4D5/UCHTI bispecific antibody bearing V133K/5183E mutations 1n the UCHT] arm was
expressed, purified, and analyzed via guadrupole-time-of-flight (QTOF) mass spectrometry to quantify
the relative abundance of each of the antibody species present 1n the punfied sample. The unbiased,
expected amount of correct heavy/hight chain pairing of wild type sequences + scrambled heavy/light
chain pairing {i.e., HCV/LCZ and HCZ/LC1) 15 50%. As shown below in the first and third rows of Table
14, correct heavy chain/light chain pairing is improved in the 4B3/UCHT1 antibody variant bearing

YV133K/S183E wthe UCHT S arm.

{06721  4DS5/UCHT! antibodics bearing a V133K/S1837T, VI33K/S183V, VI33K/8183Y,
VI133K/S183E, or VI33K/S183F mutation pair in either the 4133 aro or the UCHT 1 arm were expressed,
purtfied and analyzed via quadrupole-time-of-flight (QTOF) mass spectrometry to guantify the relative

abundance of each of the antibody species present in the purified samples.

{0673]  Prior to expression, purification, and analysis of the 4D5/UCHTT antibodies, light chain ratio
optimization was carried out with 30m! transient transfection cultores of HEK293T cells using the
methods previously descnibed (see, e.g., Boser gl (2014}, supra). Quantities of plasmid DNA encoding
the two antibody heavy chains remained constant through all transfections, while the transfected quantity
of light chain DNA was vaned across a range of LC1 (knob):.LC2 (hole) DNA ratios. The products of the
transiently transfected cultures were analyzed by Orbitrap mass spectrometry in order to identify
conditions with optimally balanced light chain expression, 7.e., conditions under which the highest

percentage of properly assembled bispecific antibody was produced.

{0674] A mathematical formula was developed to distinguish the amount of BslgG with correctly
paired light chains (. e, a bispecific antibody in which LC-1 1s paired with HC-1 and LC-2 is paired with
HC-2) from the 2x LC scrambled species (i.e., a bispecific antibody in which L.C-2 15 paired with HC-1
and LC-1 15 patred with HC-2), based on the quantification of the three peaks from high-resolution mass

spectrometry. Assuming that the LC pairing of the knob heavy chain (HC ) and hole heavy chain
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{H ) are completely independent events. The percentage of the correctly paired Bslg(G, %{BsigGl, can

be calculated as:

%[Bslo(G] = %[Combined BslgG & 2x LC serambled] /2 + SQRT ( (%[Combined BslgG & 2x LC
scrambled] /2)” - %%]2x LCiua} * %025 LCpo] }

[0673]  If ((%6]Combined BsIgG & 2x LC scrambled] /2)” - % 2x L] * Y0l2x L)) is a negative

number, it 1s forced to be zero; then:
%{Bsig(G] = %[Combined BslghG & 2x serambled] /2
[0676]  Therefore, the percentage of the 2x LT scrambled species 1s calculated as:
Ye{2x LC scrambled] = %|Combined BsigG & 2x LC scrambled] - %{BsigG]

{06777 To experimentally confirm this mathematical approach, two samples of purified bispecific
antibody were analyzed via mass spectrometry. The combined Bslg(s and 2x LC scrambled fractions in
Sample 1 were 51.3%, and the combmed BslgG and 2x LC scrambled fractions in Sample 2 were 70.6%.
Using the formula above, the nombers of %{BslgGl, %{2x L), %i2x LG ] and %|2x LC
scramabled} were determined (seeTable 16), from which the fractions of cach Fab species, %{Faby .
YolFabgel, 7ol LCumo/H o] and %0 LCh/HCes], were also calculated (seeTable 11). Both samples
were treated with Lyvsvl endopeptidase before being analvzed by mass spectrometry. The measured
fractions of the digested Fab species were then compared to those calculated. The closely matched
measured and calculated percentages from both samples verified our mathematical approach for

quantifving the correctly patred BslgG species.

Table 10
% BslgG + % 2x % 2x %BsleG % 2x
2x LC scrambled LCioob LChole LC scrambled
Sample | 513 278 209 257 25.6
Sample 2 70.6 6.0 234 68.5 2.1
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Table 11
% Fab Faby Faby LCynon/HC e LCpoie/HC

Calculated 26.8 233 26.7 232

Sample 1 Measured 255 22.7 25.6 26.3

A -1.3 -0.6 -1.1 3.1

Calculated 373 459 12.7 4.1

Sample 2 Measured 38.1 478 11.3 2.8

A 0.8 1.9 -1.4 -13

[0678]  As shown in the exemplary results in Table 12, the % of bispecific assembly was increased as

compared to wild type sequence without the V133X/S183X mutations. Percentage of bispecific

assembly was comparable when the VI33X/5183X mutant pair present in the 4D35 arm as compared to

when the V133/5183 mutant pair present in the UCHTT arm. Such results suggest that proper bispecific

antibody assembly is not significantly influcnced by the arm mto which a V133X/5183X mutant pair is

mtroduced.
Table 12

. , Lombined
Gp%‘i::;i}(: CL/CHI Location | BslgG and | 2x Knob | 2x Hole BsloC LC
o B Mutations {Arm) LC LC 6 5 Scrambled
{Knob:Hole)

scrambled

11 Vi33K/S183T 4D5 63.2% 26.8% 10.6% 38.6% 4.6%
1.3:1 VI33K/SI83T | UCHTI 64.0% 16.1% 19.8% 38.6% 5.4%
2:1 VI33K/8183E 4D5 65.1% 20.1% 14.8% 60.2% 4.9%
11 VI33K/SI83E | UCHT! 51.8% 29.9% 18.3% 37.0% 14.8%
[0679]  The experiment described above was repeated using a different bispecific antibody. Results

using a difterent bispecitic antibody also suggest that bispecific antibody assembly is not significantly

mflacneed by the arm into which a V133X/§183X mutant pair 18 introduced. It was also observed that in
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cases where the parent antibody already exthibits strong preferential heavy/light chain pairing, further

improvement is difficult to achieve or detect.

13686 Next, we exanined whether additional mutations in the VH and VL non-CDR regions could
further improve HC and LC pairing. VL-0Q38 and VH-(Q39 m the frame work regions that form a
hvdrogen bond arc highly conserved across most germiines. A charged residue was introduced into either
the VL-Q38 or the VH-Q39 or into both positions of an IL13 antibody. Q39X mutants, Q38X mutants,
or Q39X/Q38X mutant pairs that favor VH/V L pairing were identified by bacterial surface display in the
anti-IL13 antibody. Buetly, the mutated antibodics were expressed in a Alpp derivative of £, coli train
3303 cured of kanamycin resistance (see, e.g., Simmons ef . (2002) “Expression of full-length
mnmumoglobuling in Escherichia colt: rapid and efficient production of aglycosylated antibodies.”
Journal of Immunological Meihods. 263, 133147}, Individual framework variants were grown as
overnight cultures at 30 "C, combined equally by volume and used at a 1:100 dilution to noculate 50 mbL
CRAP cultures. After 24 hours at 30 "C, 1 OD aliguots were harvested and pelleted by centnfugation (4
minutes, 6500 ref). Cells were resuspended in 100 pb PBS with 2% BSA and 5mM EDTA and
incubated at 4°C for 30 minutes. After initial incubation, SYTO 41 or 9 nucleic acid stain (Molecular
Probes, USA) was added to a final dilution of 1:100. and Alexa™ or Alexa®™ labeled antigen added to a
final concentration of 1-2 uM. fncubation was continued at 4°C in darkoess for 1 hour, at which time
MgCl; was added to 10-20 mM final concentration. Unbound proteins were removed by washing 3 times
with 1 mL vohunes of PBS + 20 mM MgCl,. Stained cells were resuspended in SOC medivm (New
England Biolabs, USA) to a final concentration of 1x10” cells/mi for analysis using a Becton Dickenson
FACS Anall Flow Cytometer. The FACS gating strategy included cells that were SYTO dye positive.
Doublet discrinunation gates were used to remove doublets and finally gate were set to determine
percentage of single cells binding antigen. As shown in Figure §, among the vanants with both VL-Q38
and VH-(Q39 substitutions, the VL-Q33K/VH-(39E mutant pair gave the strongest FACS signal, higher
than the VL-Q38K/VH-Q39K mutant pair (seeFigure 6) Morcover, antibody was expressed to levels
cguivalent to or better than wild type when the Q38K VL mutation is patred with the Q39E VH mutation.
SeeFigure 7. Siee the Q38K/Q39K expressed more poorly than the Q38K/WT pair, this led us to
introduce EKKE mutations {(wherein the four letters refer to the aming acid sobstitutions at

339K yge1/Q38 X o1 knob/Q39X 50,/ Q38X o7 hole, respectively) to both arms to get the best driving force

for correct LC/HC pairing.

[0681]  Next, 4D3/UCHT bispecific antibody variants were constructed 1o comtain Q39X/(Q38X
mutations in both heavy chains and both light chains. The modified bispecific antibodies were expressed,
purified and analvzed via high resolation mass spectrometry. High resclution mass spectrometry utilizes
the enhanced detection abilities of Orbitrap technology on the EMR Exactive Plus mass spectrometer.

For quantitation, antibody product in PBS was buffer exchanged into 0.1% triflucrcacetic acid using
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Micro spin columus (Spin-6, Bio-Rad) or reversed phase off-line HPLC. Resultant sample fractions were
directly infused onto the mass spectrometer. Parameters were optimized in Tune mode to enable baseline
resolution of intra-charge state moieties. Mass envelopes were deconvoluted using Protein Deconvolution
software (Thermo, score cutoff 50). Intensities of resultant deconvoluted peaks were documented and
used to determine % presence of the “correct” sequence, mispairs, half antibodies and homodimers.
Excmplary results m Figure 8 show the % presence of the “correct” bispecific antibody variants with
proper heavy chamn-light chain pairing. The mutants tested are shown on the X-axis. The four letters m
cach set of mutations refers to the amino acid substitutions at (39X /338X ¢ knob/Q39 X0,/ Q38X s
hole, respectively. The quantified results shown 1n Figure § arc provided in Table 13 below. In these
cxpertrnents, the 4035 antibody carried the knob mutation and the UCHT] antibody carried the hole
mutation. The results show that in addition to EKKE, other mutations at Q39/(G338 also improved correct

heavy chain/light chain pairing.

Table 13
Combined
Mutations BslgG and LC = Kél ob 2x Hole LC BslgG S LC
ccrambled L crambled

EKKE 70.2% 28.4% 1.4% 69.6% $.6%
ERKE 66.3% 28.8% 4.9% 64.1% 2.2%
DKKE 68.0% 28.9% 3.1% 66.7% 1.3%
DRKE 64.7% 30.1% 5.2% 62.2% 2.5%
EKRE 74.8% 22.6% 2.6% 74.0% G.&%
ERRE 72.2% 22.3% 5.5% 70.5% 1.7%
DKRE 75.2% 21.1% 3.7% T4.1% 1.1%
DRRE 74.9% 20.6% 4.6% 73.6% 1.3%
EKKD 70.2% 23.9% 5.9% 68.1% 2.1%
ERKD 70.8% 21.3% 8.0% 68.3% 2.5%
DKKD 65.5% 26.7% 7.8% 62.1% 3.4%
DRKD 72.2% 14.2% 13.5% 69 4% 2.8%
EKRD 78.6% 15.6% 5.8% 77.4% 1.2%
ERRD 73.8% 18.7% 7.5% 71.8% 2.0%
DKRD 75.0% 18.4% 6.7% 73.3% 1.7%
DRRD 68.5% 25.3% 6.1% 66.2% 2.3%
KEEK 56.9% 39.8% 3.3% 54.5% 2.4%
KEER 64.4% 31.2% 4.4% 62.2% 2.2%
KEDK 57.8% 36.4% 5.7% 54.0% 3.8%
KEDR 64.4% 29.3% 6.3% 61.4% 3.0%
REEK 60.6% 36.3% 3.1% 58.7% 1.9%
REER 67.2% 24.1% 8.6% 64.0% 32%
REDK 58.6% 36.8% 4.5% 55.6% 3.0%
REDR 62.4% 29.8% 7.8% 58.4% 4 0%
KDEK 60.7% 33.2% 6.1% 57.2% 33%
KDER 64.6% 24.5% 10.9% 603.2% 4.4%
KDDK 61.4% 30.0% 8.6% 56.9% 4.5%
KDDR 66.5% 23.9% 9.6% 62.8% 3.7%
RDEK 61.3% 33.6% 5.1% 58 4% 2.9%
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Combined

Mutations BslgG and LC %1 Knob 2x Hole LC BslgG LL

LC Scrambled

scrambled

RDER 62.5% 28.6% 8.8% 58.2% 4.3%

RDDK 62.8% 30.5% 6.7% 59.4% 3.4%

RDDR 64.8% 23.2% 12.0% 60.2% 4.6%

[0682]  The VL-Q38 VH-(}39 mutations were mtroduced into the 4D3/UCHT! bispecific antibody. A

4D5/UCHTT bispecific antibody was modified so that the 4D5 arm contamed a VH having a Q39%E
mutation and a VL having the Q38K mutation and so that the UCHT1 amn contained a VH having a
Q39K mutation and a VL having the Q38E mutation (.e., “EKKE™). In this expenment, the 4D3
antibody contains a knob mutation in the CH3 domain and the UCHTT antibody contains a hole mutation
i the CH3 domain. In QTOF analyses, shown in Figure 9, heavy chain-light chain mispairing was
significantly reduced 1n the modified antibody (seeFigure 9B} as compared to the WT bispecific antibody
{seeFigure 2A}. As shown further below in the exemplary results provided by Table 15, the Q38/(Q39

mutations improved the % bispecific IgG produced in a single cell.

[0683] The UCHT! arm of the bispecific 4D5/UCHTT antibody, which already contained the VL-
338E and VH-Q39K mutations, was further modified to include the CL-V133K and CH-1-5183E
mutations. The 405 arm of the 4D5/UCHT antibody was modified to contain the VL-Q38K and VH-
(39 mutations. The modified bispecific antibody was expressed, purified and analyzed via high
resofution mass spectrometry. High resolution mass spectrometry utilizes the enhanced detection
abilitics of Orbitrap technology on the EMR Exactive Plus mass spectrometer. For quantitation, antibody
product m PBS was buffer exchanged into 0.1% trifluoroacetic acid using Micro spin columns {Spin-6,
Bio-Rad) or reversed phase off-hne HPLC. Resultant sample fractions were directly infused onto the
mass spectrometer. Parameters were optimized in Tane mode to enable baseline resolution of mntra-
charge state moieties. Mass envelopes were deconvoluted using Protein Deconvolution software
{Thermo, score cutoff 50}, Intensitics of resultant deconvoluted peaks were documented and used to
determine exemplary % presence of the ‘correct” sequence, mispairs, half antibodies and homodimers.

As shown in Figure 18A, which shows an enlarged version of Figure 10B, antibody species containing
correctly paired heavy chain/light chain arms were the major population in the sample. (Seethe fourth row
of Table 14 below for guantified results ) The same experiment was performed using a bispecific
4D5/UCHT ! modified to inchude the CL-V 133K and CH-1-S183E mutations in the UCHTT arm without
the EXKE mutations. As shown in Figure 16C, which shows an enlarged version of Figure 10D, species
containing 2 4D3 light chains or 2 UCHT! light chams (i ., mispaired bispecific antibodies} were the
major populations in the sample. (Seethe third row of Table 14C below for quantified results.) Figure
18K provides high resolution mass spectrometry results for am unmodified W 4D5/UCHT ] antibody,

shows that species containing 2 4D3 light chamns or 2 UCHTI hight chains (J.e., mispaired bispecific
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antibodics} were the major populations in this sample as well. The results show that the VI33X/5183X
mutation pait on the hole am of a bispecific antibody reduced heavy/light chain mispaiting, and addition

of the EKKE mutations further improved bispecific assembly.

[0684] Additional bispecific antibodies, including vanants having Q39X/Q38X and/or
V133X/8183X mutations in both amms, were generated, expressed, purified, and analyzed via high
resolution mass spectrometry, as described above, to deternune if such bispecific antibodies demonstrated
increased preferential heavy chain/light chain painng. The exemplary results of the high resolution mass

spectrometry analvses are provided m Tables 14A and 14B below:

Table 14A
LC HC LC HC
mutation(s) mutation(s) mutation(s) mutation(s)
Q38E  VI33K | Q39K SIS3E Q38K  VI33E | Q39E 79.4% 16.6% 4.0% 78.6% 0.8%
Q38E  VI33E Q39K S183K Q38K V133K | Q3%9E S183E 77.0% 19.7% 3.4% 76.1% 0.9%
Q38E VI33K | Q39K SI83E Q38K  VI33E | Q39E S183K 82.8% 16.0% 1.2% 82.6% 0.2%
Q38E VI33K | Q39K S183F Q38K Q39E 80.1% 19.9% 0.0% 80.1% 0.0%
Q38E  VI33K | Q39K SI183T Q38K Q39E 85.4% 14.6% 0.0% 85.4% 0.0%
Q38E VI33K | Q39K S183Y | Q38K Q39E 84.9% 15.1% 0.0% 84.9% 0.0%
Q38E VI33K | Q39K SI83F Q38K Q39E S183E 66.5% 31.1% 2.4% 65.4% 1.1%
Q38E  VI33K | Q39K S183T Q38K Q39E S183E 75.7% 24.3% 0.0% 75.7% 0.0%
Q38E VI33K | Q39K SI83Y Q38K Q39E S183E 71.3% 27.7% 1.0% 70.9% 0.4%
Table 148

LC HC LC HC
mutation(s) | mutation(s) | mutation(s) mutation(s)

- - - -- 46.0% 32.0% 22.0% 23.0% 23.0%
Q38E Q39K Q38K Q39E 77.0% 19.7% 3.4% 76.1% 0.9%
Q38K Q39E Q38E Q39K 69.0% 18.5% 12.5% 65.5% 3.5%
Q38E VI33K | Q39K SI183E Q38K Q39E 94.5% 0.8% 4.7% 94.5% 0.0%
Q38K VI33K | Q39E SI183E Q38E Q39K 70.6% 12.3% 17.1% 67.5% 3.1%
Q38K Q39E Q38E VI33K | Q39K  S183E 87.0% 7.0% 6.0% 86.5% 0.5%

[0685]  Q39X/Q38X were introduced into the kncb and/or hole amms, and/or V133X/5183X mutations

were introduced mnto the hole amm of various bispecific antibodics. The four letter mutations refer to the
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aming acid substitutions at Q39X /Q38X ¢ knob/(G39X /338X o, hole, respectively. Representative
results show that the EKKE and V133X/8183X muntation (exemplified in Table 14C using

VI133K/8183E), alone or in combination, generally improved bispecific assembly in different antibodies,
2 2> o o

In the examples where the parent antibodies already exhubit strong preferential heavy/light chain pairing,

further improvement is difficult to achieve or detect. The VI33X/8183X mutations were also introduced

into the knob arm of the bispecific antibodies and showed coamparable results.

Table14C
Combined
BslaG Coexpression . BsleG 2x Knob | 2x Hole LC
Pairs Variants and LC LC LC BslgG Scrambled
scrambled
WT 46.0% 32.0% | 22.0% 23.0% 23.0%
EKKE 78.6% 15.9% 55% 77.5% 1.1%
: 89
Anti-HER2/CD3 V133K/S183E 51.8% 29.9% 18.3% 37.0% 14.8%
EKKE + . . , . .
V133K/S183Eun 94.5% 0.8% 4.7% 94.5% 0.0%
WT 89.8% 6.0% 43% 89.5% 0.3%
EKKE 89.3% 4.9% 5.9% 89.0% 0.3%
Anti-EGFR/CMET" | y/133K/S183E,,, 94.0% 2.2% 3.9% 93.9% 0.1%
EKKE + 0 [s) 0 [s) 0
VI33K/S183Ees 94.3% 2.8% 2.9% 94.2% 0.1%
WT 62.20% | 7.70% | 30.10% ND ND
Antic EKKE 62.10% | 30.90% | 7.00% ND ND
VEGFA/VEGFC*" | v133K/S183E 7260% | 980% | 17.60% ND ND
EKKE + V133K/S183E
VI33K/S 81.90% | 15.10% | 3.00% ND ND
hole
WT 62.5% 16.6% | 209% 56.3% 6.2%
y EKKE 78.1% 8.1% 13.8% 76.6% 1.5%
Anti
3,4
VEGFA/VEGEC ™ | V133K/S183E e 68.7% | 182% | 13.1% | 65.0% 3.7%
EKKE + 0 ) (1] [V 0
V133K/S183Eun 92.1% 4.6% 33% 91.9% 0.2%
WT 81.8% 7.2% 11.0% 80.8% 1.0%
EKKE 89.6% 7.7% 2.6% 89.4% 0.2%
Ati-IL-13/IL-4"* " | y133K/S183E,,, 88.4% 6.6% 5.0% 88.0% 0.4%
EKKE + 0 (1) 0 0 0
VI33K/S183Emy 98.4% 0.0% 1.6% 98.4% 0.0%
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WT 49.0% 17.0% 34.0% 29.2% 19.8%
EKKE 100.00%" 0.0% 0.0% 100.0% 0.0%
Anti-VEGFA/ANG2
10 V133K/S183E,,. 57.9% 24.5% 17.6% 49.1% 8.8%
EKKE + o/ # 0 0 0 0
V133K/S183E,,, 100.00% 0.0% 0.0% 100.0% 0.0%

*In the Anti-VEGFA/ANG2 sample, the molecular masses of the correctly assembled bispecific Ab, “2x
Hole LC” Ab, and “2X Knob™ Ab are very similar. To distinguish the “correct” population from the “2x
Hole LC7 and “2X Knob” populations, Orbitrap resolution was increased, thus decreasing sensitivity
shightly. The 100% correct pairing 18 therefore likely to be closer to >95%.
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[0686]  The anti-HERZ/CD3 antibody comprising Q39E50/ Q38K 01 knob/G39K 50,/Q38E -, hole and
V133K/8183E hole mutations was further modified to contamn V133E/S183K knob mutations. The
antibody expressed, purified, and analyzed via high resolution mass spectrometry, as described above, to
determine if such bispecific antibodics demonstrated increased preferential heavy chainfight chain
pairing. The excmplary resulis of the high resolution mass spectrometry analyses are provided in Table

14D below:

Table 14D
BslgG. . Combined | 5. Knob | 2x Hole LC
Coexpression Variants BslgG and BslgG
. LC LC Serambled
Pairs LC scrambled
Ang;g%,l?z/ WT 46.0% 32.0% | 220% | 23.0% | 23.0%
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EKKE +
94.5% 0.8% 4.7% 94.5% 0.0%
V133K/S183Epe
EKKE +
V133K/S183E. + 99.1% 0.0% 0.9% 99.1% 0.0%
V133E/S183K 1uop

[0687]  The exemplary results in Table 14D show that the VI33E/S183K knob mutations in
combination with the EKKE and V133K/5183E hole mutations improved bispecific assembly to almost

100%.

[0688]  The activity of the anti-HERZ/CD3 antibody haing the EKKE and VI133K/S183E hole
mutations was compared to that of an unmodified anti-HERZ/CD3 antibody i an in vigro oviotoxicity
assay. Briefly, peripheral blood mononuclear cells (PBMC) were separated from the blood of healthy
volunteers using Ivmphocyie separation medinm (MP biomedicals, Solon, OH). CD8+ cells were
extracted from PBMC using human CD8&+ [solation Kit from Miltenyi (#130-094-156) by negative
selection. 1:x10° PBMC cells were plated on 96 well plates and incubated over night. 5x10" CD8+ T-cells
were added (a) with anti-HER2/CD3 antibody haing the EKKE and V133K/5183F hole mutations, (b}
without anti-HER2/CD3 antibody haing the EKKE and V133K/5183E hole mutations, {c} with
vnmodified anti-HER2/CD3, and (d) without inmodified anti-HER2/CD3. The mixtures were incubated
48h in 37°C. The T cells were removed by washing twice with PBS. Viability of the PBMCs was
measured using CellTiter-Glo® Lumunescent Cell Viability Assay (Promega, Madison, W), As shown

m Figure 23, the activitics of the modified and unmodified anti-HERZ/CD3 antibodics were comparable.

10689  Differential scanning Hucnimetry (D5F) was performed to determine the melting temperatures
of (a) a 4D5 Fab modified to contain VE-GQ38K and VH-Q39E mutations; (b) an UCHT [ Fab modified to
contamn VL-Q38E, CL-VI33K, VH-Q39K, and CH-1 S183E mutations; and (¢} an UCHT! arm modified
to contain VL-Q38E, CL-V133K, VH-(39K, and CH-1 S183T mutations{see, e.g., Niesen ef af . (2007)
Nat Protoc 2,2212-2221.3 Protein stability was determined in a Biorad CFX96 Real-Time System
{Biorad, USA) with a final dilution of 1500 of the Svpro Orange dve stock {Molecular Probes, USA).
Fluorescence of a 25 ul. Fab sample in PBS was recorded from 20-100 "C (0.2 "C increments, 10 seconds
hold per step). The results shown i Table 15 below demonstrate that the mutations introduced in the

variable and/or constant regions described herein do not greatly affect the Tm of the antibodies.

Table 15

(3%E Q39K 78 6°
(38K Q39E 79 8°
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V133K SI143E 79.0°
38K V133K | Q39E S183T 75.4°
Q38K V133K | Q35K S143E 78.0°
Q38K V133K | Q39K S143E 774°
Q38K V133K | Q39K Si437 752°
UCHTIvO | UCHTIVG 87.8°
Q38K (39K 87.2°
Q38K (339E R7.0°
V133K Si83T 79 .4°
V133K SI83E 83.2°
(38K V133K | Q39K Si83T 78.4°
(38K V133K | Q39K SI83E 83.4°
(38K V133K | Q39K SI183E 83.2°
(38K V133K | Q39K Si83T 78.0°
4DS 4D5 30.0°
403 405 Q38K (339K 798
UCHTIvO | 4D5 V133K 780
UCHTIVO | UDCHTIWS 87.8°
UCHTIVO | UDCHTIWS Q38E Q39K 87.2°
UCHTIVO | UDCHTIWS V133K S183E 83.2°
UCHTIVO | UBCHTIWS V133K Si83T 79.4°
UCHTIvY9 | UCHTIVO (Q38E V133K | Q39K S183E §2.4°
UCHTIvY9 | UCHTIVO (Q38E V133K | Q39K Si83T 78.0°
4D3 4053 38K (Q39E 79.8°
UCHTIvO | UCHT1vY Q38E V133K | Q39K S183E §2.4°

[0696]  Based on the results shown in Table 15, the thermostability of the vanants that were tested

seems to be predominantly driven by the stability of the HC. Although stability can be an explanation for
mnproved bispecific pairing, the data vnexpectedly show that the variants that exhibit the best bispecific
pairing do not always correlate with the best thermostabiltiy, e g., properly paired Fab mayv show lower or
similar thermostabiltiv as compared to mispaired Fab. Without being bound by specific mechamism(s},
the mutations can, alternatively or additionally, affect the assembly kinetics of the proper pairs, for
example, the proper pair can asscmble faster followed by disulfide formation between the heavy and hight
chains. This 1s further supported by the observation that chain ratio optimization further improved

bispecific formation.

[0691]  Q39Eue,/Q38K o) knob/Q39K 40,/Q38E o hole and VI33K/S143E hole mutations were
miroduced into bispecitic anti-4D5/UCHT! antibodies of human IgG1 isotype, human 1gG2 isotype,
human igG4 1sotype, and mouse IgG2a isotype. Antibodies of human IgG2 1sotype have not been
observed to successfully assemble i virro. The exemplary results in Table 16 below show that the
mutations in the light chain and heavy chain variable domains generally improved bispecific assembly in

human bispecific antibodics of different 1sotypes, as well as in a mouse bispecific antibody.
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Table 16
BsleG Combined LC
Coexpression Variants BsleG and L.C 2x Knob 2x Hole BslgG Scrambled
. LC Mab | LC Mab
Pairs scrambled Mab
WT 47.7% 20.0% 32.3% 23.9% 23.9%
4D5/UCHT1 EKKE 67.3% 12.8% 19.9% 63.3% 4.0%
hulgGl
e EKKE + . . . . .
V133K/S183E, 94.5% 4.7% 0.8% 94.5% 0.0%
WT 50.0% 27.5% 22.5% 27.5% 22.5%
4D5/UCHT1 EKKE 83.3% 14.3% 2.4% 82.9% 0.4%
hulgG2
J’_
]\E/II<31’<:’>]?QSIS3E 94.9% 2.9% 2.2% 94.8% 0.1%
hole
wT! 38.6% 27.7% 33.7% 19.3% 19.3%
4D5/UCHT1 EKKE 84.3% 6.4% 9.4% 83.6% 0.7%
hulgG4
T g3 92.6% 22% 52% | 92.5% 0.1%
hole
wT* 44.9% 25.8% 29.2% 22.5% 22.5%
4D5/UCHT1 EKKE* 82.2% 8.5% 9.4% 81.2% 1.0%
mulgG2a
J’_
]\E/II<31’<:’>]?QSIS3E 4 89.7% 0.0% 10.3% 89.7% 0.0%
hole

"Results were obtained using optimized LC1:LC2 ratio
TUncharacterized mass difference of -110 Da from expected for all peaks.
"Uncharacterized mass difference of +160 Da from expected for all peaks.

[0692]

The crvstal structure of a 415 Fab modified to contain the VL-Q38K, CL-V133E, VH-Q39E,

and CHI-8183K mutations was determined to a resolution of 1.63 A. The overall structure of the motant

does not show significant difference comparing to the wild type 405 Fab, indicating the charge mutations

introduced to all of the 4 domains do not perturb structural integrity. See Figure 11A, However, it was

found that, in addition to the salt bridge between the mutated residues VE-Q38K and VH-(Q39E, both

VEL-Q38K and VH-Q39E form extra hydrogen bonds with 2 solvent water molecules. VE-Q38K was

also found to mteract with VH-Y95 and VL-K39 with hydrogen bonds, respectively. The extensive
hvdrogen bonding network stablizes the painng between the mutated VL and VH. SeeFigure 11B. Inthe
constant domains containing the CL-V133E and CH1-S183K mutations, in addition to the salt bridge
between the mutated residues CL-V133E and CHI-S183K, both CL-V133E and CHI-S183K form extra
hydrogen bonds with 3 solvent water molecules. CEL-VI33E and CH1-5183K also interact with VE-T178
with hydrogen bonds respectively. The unexpected extensive hydrogen bonding network stablizes the
pairing between the mutated CL and CH1, which facilitates the production of correctly paired BslgG. See

Figure 11C.
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106931  The crystal structure of a 4D5 Fab modified to contain VE-Q3RE, CL-V133K, VH-(}39K and
CHI1-S183F mutations was determined to a resolution of 1.61 A. The overall structure of the mutant does
not show significant difference comparing to the wild type 4D3 Fab, indicating the charge mutations
introduced to all of the 4 domains do not perturb structural integnty. SeeFigure 124 It was found that
YVL-38E and YH-Q39K do not form hvdrogen bonds. VL-Q38E, however, forms hvdrogen bonds with
2 solvent water molecules. SeeFigure 12B. fn the constant domains containing the CL-V133K and CHI1-
S183E mutations, in addition to the salt bridge between the mutated residues CL-V 133K and CHI-
S183E, both CL-V133K and CH1-5183E form oxtra hydrogen bonds with 2 solvent water molecules,
espectively. CL-V 133K also forms a hvdrogen bond with CL-T178, and CHI-5183E forms a hydrogen
bond with VL-T76. The unexpected extensive hydrogen bonding network stablizes the pairing between

the mutated CL and CHI, which facilitates the production of correctly paired BslgG. SeeFigure 12C.

[0694]  In sunmumary, we found that mutation at V133 of CL reduced antibody assembly when paired
with a wild type heavy chain. Amino acid substitutions at position S183 of CHI, however, restored
assembly of antibody variants when paired with a mutation at position V133 of CL. Thus, the
YV133X/5183X mutation pairs can direct specific LE and HC paining when expressed in a single cell.
Mutations at positions Q39 of VH and Q38 of VL alone or 1o combimation with CHY/CL mutations
further improved LC and HC pairing in the context of a bispecific antibody, thus correspondingly
mproving correct bispecific formation when the two half antibodies are expressed n a single cell.
Optimized light chain ratios, which were determined empirnically, further improved bispecific assembly.
Mutations at positions Q39 of VH and Q38 of VL alone or in combination with CHI/CL mutations
further improved bispecific assembly in all human and mouse antibody 1sotypes tested. Unexpectedly,
the mutations in the vanable and constant regions of the heavy or light chain, alone or in combination, do

not greatly atfect thermostability of the antibodies.
Example 2: Engineering Antibody Heavy Chain/Light Chain Pairs Using Strategy #2

{0695]  In addition, the CH1-CL interface of the exemplary bispecific antibody 4D5 was
computationally redesigned using the molecular modehing program ROSETTA (Leaver-Fay eral. (2011)
“ROSETTA3: an object-oriented software suite for the simulation and design of macromolecules.”
Methods Enzymol. 487, 545-74). The ROSETTA program is under active development and is constantly
updated. Briefly, the ROSETTA program generates a random sequence from the user-entered repertoire
specified for a given design approach. Two design approaches were performed, as described in detail

below:

[0696]  Inthe first design approach (i.e., Approach A, seeFigure 134), the 8176 amino acid residue of
the CL domain was restricted to be any one of F, Y or W, and the F170 amino acid residue of the CH1

domain was restricted tobe any one of A, 5, L L. S, Tor V. To conserve but optimize the residue
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identities, the F118 amino acid residue of the CL domain was restricted to be any one of F, Y or W the
F126 anino acid residue of the CHI domain was restricted to be any one of F, Y or W, and the §133
anmino acid residue of CHI was restrictedtobe anvone of A, G, L L, S, Tor V. The Fl1i6, V133, 1135,
5174 amino acid residues of the CL domain and the 1128, G143, Li45, S181 amuno acid residues of the
CH1 domain were restricted to be non-polar amino acids. Other residues, such as $131, 5162, T164,
T178 of the CL domain and A141, V185 of the CHI domain, were allowed to be redesigned as any

amino acid except cysteine.

[0657]  In the second design approach (i.e., Approach B, seeFigure 13B), the L.135 amino acid residue
of the CL domain and the L.128 anuno acid residue of the CH1 domain were restricted to be anv one of F,
Y or W; and the F118 amuno acid residue of the CL domain and the L145 amino acid residue of the CHI
domain were restricted to be anyvone of AL L L. 8, Tor V. The S181 amino acid residue of the CHI
domain was also restricted to be anyvone of A, L L, S, T or V. In addition, the F116 amino acid residue
of the CL domain was restricted tobeanonc of A F. L L. M, S, T, Vor Y; the V133 amino acid residue
of the CL domain was restricted tobeanyone of A, FLL LS, T, V. Wor Y, and the V185 aming acid
residue of the CHI domain was restricted to be a non-polar amino acid. The $131, 5162, T164, 5176, and
T178 amine acid residues of the CL domain and the Al4land F170 amino acid residues of the CHI

domain were allowed to be redesigned as any amino acid except cvsteine.

106981  ROSETTA caleulated multiple binding energy scores for modeled structures, including the
redesigned CHI and redesigned CL domains (H'L7), the wild type CH1 and redesigned CL domains
{(HL"), as well as the redesigned CHI and wild type CL domains (H'L). A contrast score 1s caleulated
afterwards as the engrgy difference between H L and the more stable pair between HL and H'L. Every
designed sequence was then subject to defined filters in order to discard sequences with unfavorable

binding cnergy scores and contrast scores.

106991  ScorelZ and Talans are two scoring functions adopted by ROSETTA . Both were used to
analvze the design approaches described above. For score 12, Approach A and Approach B were run with
1,006 CPU cores for 10 weeks. As shown in Table 17 below, Approach A retumed with 36,831 total
cutputs containing 275 unigue sequences; Approach B returned with 3,464 total cutputs containing 184
wique sequences. For Talaris, both design approaches were run with 1,000 CPU cores for 5 weeks.
Approach A returned with 33,286 total outputs containing 110 unique sequences; Approach B retumed
with 1,253 total outputs containing 47 unigue sequences. SeeTable 17 below. 182 sequences were

selected for gene synthesis and evaloation.
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Table 17

scorel 10 36,831 275
Approach A :

Talaris 5 33,286 110

scorgl2 10 3,464 184
Appreoach B -

Talaris 5 1,253 47

#1000 CPU cores

{0766  In addition to selecting candidate scquences based on their encrgy scores, a phylogenetic tree
for all 616 unigue output sequences was generated. Each branch of the tree was considered to represent a
type of CH1/CL pairing solution. Since the computational program might not be accurate enough for
predicting the contrast energy (selectivity of the correct pairing over the mispatring), selection of at least
one sequence from each phylogenetic branch allowed us o get a good sampling of all the outputs.
Indeed, the final candidates, such as Y163 and JS78, as described in more detail below, were picked
because their sequences were distinctive from others according to the phylogenetic analvses despite of

their relatively weak contrast energies.

[0761]  Select output sequences of the 4D5 CL/CHI variants generated using Strategy #2 were
synthesized. Light chain variants were cloned as Kpnl/HindHI fragments mto expression vector pRKS
hudD3-8 L chain (Carter er o/, {1992) “Humanization of an anti-p185HER? antibody for human cancer
therapy. Proc. Natl. Acad. Sci. USA 89, 4285-9), and heavy chain variants were cloned as Apal/Ndef
fragments 1mto the expression vector pRKS hudD3-8 H Cham. The Fe region of the heavy chain carried a
mutation at the glycosylation site (N297G} for aglycosylated IgG prodaction i mammalian cell and a
deletion at the C-termunal Lysine {AK447). These two mutations gave rise to uniform IgG mass for easy
mass spectrometry based quantification without post purtfication enzvinatic treatment. Single cell
production of Bslg( for the Strategy #2 varnants with partner antibody, UCHT 1 v9, was carmned out by
co-transfecting 4 plasmids cach carrying a light chain or a heavy chain gene of the test pair into
HEKZ239T cell (1 mi culture, 96-well deep well plate). Antibody expression was carnied out for 7 days at
37°C with vigorous shaking. The culture supernatants were collected and incubated with 300 ul (50:50
shurry) Mabselect Sure resin (GE Healthcare) overnight. The resin was then transferred to filter plates
and washed with 20 times the resin bed volume. The bound material was cluted with 50 mM phosphoric
acid pH 3.0 and neutralized (1:20) with 20X PBS pH 11.0. IgG protein was filter (0.22 pm) sterilized.

1gG yields for each Strategy #2 variant tested were comparable to WT.
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[0702]  Sandwich ELISA ascays, as depicted in Figure 14, were performed to determine bispecific IgG
content from single cell co-expression. First, the bispecific IgG (Bslg() standard used in Sandwich
ELISA as benchmark against Strategy #2 variants was comprised of humanized anti-HER? (4D35) as the
“knob” arm and anti-CD3 (UCHT . v8) as he “hole”™ arm {(Zhu e7 /. (1995} “Identification of heavy chain
residues in a humanized anti-CH3 antibody important for efficient antigen binding and T cell activation.”
J Immunol 153, 1903-10). The Bslg( standard was gencrated by expressing each arm in HEK2937T cell
separately and then anncaling them in vitro (Schatz ef ¢/, (2013) “Kaobs-mto-holes antibody production
in mammalian cel lines reveals that asymmetric afucosylation 1s sufficient for full antibody-dependent
cellular cytotoxicity.” Mdhs 5, 872--881). As shown m Figure 14, binding of the bispecific antibody to
both antigens is required to gencrate sandwich ELISA signal. The ELISA signal strength was then
benchmarked against that of the Bslg(G standard (assembled n vitro) to determine the Bsig(s content in

the mixture.

[0763]  Brefly, ELISA plate (MaxiSorp, Nunc) was coated with HER2-ECD antigen at | pg/ml in
PBS and kept at 4°C overnight. The antigen coated plate was then blocked with 1% BSA in PBST (1X
PBS plus 0.05% Tween-20) for 1 hour. Test samples were diluted in the same blocking buffer in a
separate 96-well plate and kept at room temperature for 1 hour. The blocked samples were transferred
{100 ul/well) to the HER2 coated (blocked) plate and incubated at room temperature for 2 hours. The
plate was washed 15 times with PBST. The second antigen, CD¥3-biotin, was then added to plate at 100
pliwell (0.5 pg/ml CB3-Biotin in blocking buffer) and incubated at room temperature for 2 hours. The
plate was washed 15 times with PBST. Streptavidin-HRP (Thermo Fisher, Rockford, IL) was added at
100 pul/well (0.1 pg/mb) and incubated at room temperature for 30 muinutes. The plate was washed 15
times with PBST. Horseradish peroxidase substrate, Sureblue Reserve TMEB solution (KPL,
Gaithersburg, MDY, was added at 100 pl/well, Color development was stopped by addition of an equal
volume of 1.0 M phosphoric acid (HaPO,). The plate was then read at OD4s0. As shown in Figure 15,
the variants having JS20, JS78, YS18, and Y165 mutations in the 4035 arm demonstrated mcreased
preferential heavy chain/light chain pairing exceeding the 25% bispecific assembly standard, which
represents the unbiased, expected amount of correct heavy/light chain pairing of wild type sequences not

influenced by the sequence modifications.

[0784]  Light chain DNA ratios and heavy chain DNA ratios were optimized as described above for a
45 UCHTT bispecific antibody. As shown in the exemplary reselts provided in Table 18 below,
optimization of light chain ratio and heavv chain ratios improved bispecific anitbody formation for the
4D5. UCHTT antibodyv. A DNA ratio of 1:1.4:1:1 for LC e LCaore HC knvos HCaoLr was used in

further experiments described below.
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Table 18
e | D | Fee | Bmie | mede
2.8:1:1:1 74.3 243 14 18.5
1.4:1:1:1 523 404 73 252
1:1:1.4:1 27.1 494 235 298
1:2.8:1:1 98 41.2 49.0 28.0

ES * R Era ST NPl
E~-’{:/;.7‘\'I\"OE . i-"(/HDLE . H(‘ KNOB ~H("HOLE

The following variant antibodies were expressed and purified following light chain ratio optimization and

heavy chain ratio optimization: 4D5.UCHT1.J520, 4D5.UCHT1.5878, 4D5. UCHT1.J125,

4D5.UCHTL1.¥'508, 4D5.UCHT1.YS18, and 4D5 UCHT1.YT63 as compared to the 4D5. UCHT1

bispecific, all in the context of EKKE (415 knob, Q39E/Q38K,; UCHT hole, Q39K/Q38E). The IS75,

JT25, YS08, YS18, and YT635 mutations were in the 4135 arm of each variant. Percentage of bispecific

antibody produced by each varant was quantified via mags spectrometry and is shown in Table 19

below.
Table 19
Variant B;ggﬁ:gi{? = hn ob | & H? le Bsiss : Le mf‘tztﬁizs
scrambled Le LC serambled (LOCHHO)
4BS/UCHT1ISI0FRKE 85% 3% 12% 84 6% ¢.4% 13
4BS/UCHT1ISTRERKE 84% 1% 13% 83.8% 4.2% 13
4DS/UCHTI T8 EKKE 91% 1% 8% 90.9% 0.1% 13
4DS/UCHTILYSOR ERKE T7% 1% 22% 76.7% 0.3% 12
4DS/UCHTILYSISERKE 94% 4% 2% 93.9% 0.1% 12
4BS/UCHTILYTeS. EKKE 90% 2% 8% 89.8% 0.2% 10
4S5/ UCHTLERKE 31% 17% 2% 80.6% 0.4% 0

[0705]

Partial sequences of the CHI and CL domains of 520, JS78, YSI8, and Y165 heavy chains are

shown m Figure 164, and partial sequences of the CHI and CL domains of 820, J578, YS1§8, and YT65

Light chains are shown in Figure 16B.

[0706]

The results of the sandwich ELISA were confirmed via high resolution mass spectrometry.

High resolution mass spectrometry utilizes the enhanced detection abilities of Orbitrap technology on the
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EMR Exactive Plus mass spectrometer. For quantitation, antibody product in PBS was buffer exchanged
into 0.1% trifluoroacetic acid using Micro spin columns (Spin-6, Bio-Rad) or reversed phase off-line
HPLLC. Resultant sample fractions were directly infused onto the mass spectrometer. Parameters were
optimized m Tune mode to enable baseling resolution of mtra-charge state motetics. Mass envelopes were
deconvoluted using Protein Deconvolation sofiware (Thermo, score cutoff 503, Intensities of resultant
deconvoluted peaks were documented and used to determine % presence of the ‘correct’ sequence,
mispairs, half anibodies and homodimers. Seethe exemplary resutls m Figures 17 and 18, Figures 17A
and 1BA show the results of mass spectrometry performed on a wild-type 4D5/UCHTT bispecific
antibody, and Figures 178 and 18B show the results of mass spectrometry performed on a 4B3/UCHT1
antibody comprising Y165 CHI/CL mutations and YH-Q39E/VL-Q38K mutations on the 4D5 arm and
VH-Q39K/ VL-Q38E mutations on the UCHTT arm ("EKKE”} These exempiary resulis are guantified m
Table 20 below, the VH/VL and CHU/CL mutations, along or in combination further improved correct

heavy chain/light chain pairing in the 4D5/UCHT1v.9 bispecific.

Table 20

4D5/UCHT1L.WT 47.7% 20.0% 32.3% 23.9% 23.9%
4D5/UCHT1.EKKE 67.3% 12.8% 19.9% 63.3% 4.0%
4D5/UCHTL1.YT65 70.1% 19.4% 10.5% 67.1% 3.0%
4D5/UCHTIL. o o o o o
VT65.EKKE 90.0% 1.7% 8.3% 89.8% 0.2%

{07077  Asshown in Figures 16A and 168, cach of the Y163 heavy chain and light chain scquences
containg 5 amino acid substitutions. The Y63 heavy chain and light chain were further modified to
restore the wild type amino acid at one or more positions to determine the munimal mumber of mutations
required for driving correct heavy chain/light chain pairing. The amino acid sequences of the “back-
mutated” Y1635 beavy chain and light chain varants arec provided in Figures 19A and 19B. High
resolution mass spectrometry was also performed on the YT63 back-mutated vanants to determine if
such variants demonstrated mereased preferential heavy chain/light chaim pairing, as well. As shown in
the exemplary results provided in Table 21 below, all back-mutated variants tested demonstrated
improved LOC and HC pairing in the context of a bispecific antibody, thus correspondingly improving

correct bispecific formation when the two half antibodies are expressed 10 a single cell.

Table 21
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4D5/UCHT1.YT65.EKKE 87% 6% 7% 86.5% 0.5% 10 (parental)
ettt 73% 23% 4% 71.7% 13% 6
Y“lessfgngLla 73% 21% 6% 71.2% 1.8% 5
Y4TD655"I;$TLIC ) 65% 29% 6% 62.2% 2.8% 6
Y“TDGSS"I;SETLIC ) 66% 28% 6% 63.3% 2.7% 5
Y“lezfgfg?c ] 66% 31% 3% 64.6% 1.4% 5
Y“T‘?S/‘}IISETLIC ] 66% 31% 3% 64.6% 1.4% 4
e 68% 26% 7% 65.2% 2.8% 4
Y“TIESS/%EETLIW 67% 26% 8% 63.7% 3.3% 3
VI 6;‘11)-15c/1[(I)CII:ET1}]KKE 87% 9% 4% $6.6% 0.4% 8
VI 6;”1’15!1‘;‘3&21(“ 86% 9% 5% 85.5% 0.5% 7
Yo KE $1% 10% 9% 79.9% 1.1% 6

[0708]  Qualitative examination of the modified bispecific sample complexity under noutral pH
conditions was performed by native mass spectrometry. Native MS provides information on antibody
mudtimers and other forms of aggregates (7.e. half antibody-monomer mteractions). Samples were buffer
exchanged mnto 10mM ammonium acetate uvsing SEC HPLC or spin columns and ionized into the EMR
MS through direct mnfusion. Analysis was performed using Protein Deconvolution software with a score
cutoff of 10. As shown in Figure 204, the 4D5/UCHT] antibody comprising YT65 CHU/CL mutations
and VL-Q38K and VH-(33%E mutations on the 455 arm and VL-Q38E and VH-(339K mutations on the
UCHT! armm demonstrated increased correct heavy chain/tight chain pairing. UCHTI antibody was
spiked into the sample to deternine the sensitivity and limit of detection for the assay and to aid in the
quantification of the bispecific antibody, 2x LC knob antibody, and 2X LC hole antibody specics.
Figure 20A shows that the limit of quantification for the 2Zx L{ knob antibody and 2X LC hole antibody

species is below 2.8%.
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0709 Figure 208 confirms the detection sensitivity of the analysis used to obtain the data in Figure
20A . o Figure 208, a sample comtaining 100% correctly paired HERZ2/UCHT1 (ic., HERZ LC/HER2
HC/UCHT HC/UCHT ! LC, nuddle peak) was spiked with both a mispaired HERZ/UCHT! comprising
two HER2 LCs (1.e., HERZ LC/HER2 HC/UCHT! HO/HER? LC, left peak) and a mispaired
HER2/UCHT1 comprising two UCHT1 LCs (ie., UCHTI LC/HER?Z HC/UCHT HC/UCHTE LC, right
peak) at decreasing ratios, as shown at the left of Figure 20B. The measured ratios, shown at the right of
Figure 208, indicate that there 1s very little difference between the actual ratios and measured ratios of

cach of the species in the sample.
Example 3: Comparison of Antibady Variants with Wild Type Antibodies in Tm and Kp

Differential scanning calorimetry (D8SC) was performed to determine the melting temperatures of 455
Fabs that were modified to contain (a) Q39E in VH and Q38K in VL; {b) S183K n the CHI and VI33E
in the CL; {(¢) Q39E in VH, Q38K in VL, S183K n the CHI, and V133E m the CL; (d) Q39K in VH and
338E in VL {¢) 5183E in the CHI and V133K inthe CL; (£ Q39K 1n VH, Q38E in VL, 5183E in the
CHI, and V133K i the CL; {g) YT65 mutations in the CH1 and CL; or (h) Q39E in VH and Q38K in
VL and YT65 mutations in the CHI and CL (seclonescu er of . (2008} J Pharm 5ci 97, 1414-1426). DSC
was performed on 4D35 containing no mutations in parallel. The exemplary results shown in Table 22-1
below demonstrate that the mutations introduced in the variable and/or constant regions described herein

do not greatly affect the Tm of the antibodies.

Table 22-1

Mutations Tm

YH YL CHI CL O
WT 81.9°C
EKvariabie Q3 SE Q?} 8K 81 S'I)C
K E nstant Si83K V133E 78.5°C
EE, iane’ BE nstant Q39K Q38K S183K YV133E 77.9°C
KEVal'iah!e Q3 9K Q3 SE 79 ) 906
EX constant SIS3E V133 80.2°C
KE aiapie! EE constant Q39K (Q38E SI83E V133K 78.2°C
Y65 YT65 YT63 82.0°C
YT(SS/EKVM Q39K 38K YT65 YT65 81.4°C

716 Surface plasmon resonance (SPR) analyses were performed to calculate the binding affinities
of the 43 variants described above for HERZ. The results shown in Table 22-2 below demonstrate that
the mutations imtroduced in the varable and/or constant regions described herein do not greatly affect the

Kp of the antibodies.
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Table 22-2
Mutations Kp

VH VL CHI {1 {nM)
WT 0.63
ER ariane (39E Q38K 0.67
KB coustant S183K Y133E 0.7%
EK aciante! KE constant Q39E (38K $183K V133E 0.75
KE, , i Q39K 13RE 0.44
EK o petant S183EF V133K 0.59
KE, arianie! EK constant Q39K Q38E S183E V133K 0.46
Y163 Y165 YT65 0.42
Y T65/EK urisnie Q39E Q38K Y165 YT65 0.72

Example 4: Application of VH/VI and CHI/CL Mutations to Other Bispecific Pairs

[0711]

Next, the effects of YT63, EKKE, or YT65 and EKKE mutations on heavy chain/light chain

paring in bispecific antibodies other than 4D5/UCHTY were analyvzed. Briefly, Y165 CHI/CL mutations,

EKKE VH/VL mutation, or both YT6S and EKKE mutations were mtroduced into each of the following
bispecific antibodies: anti-1L4/IL13, anti-EGFR/MET, anti-VEGFA/ANG?2, and anti-VEGFA /VEGFC.

TheYT65 CHI/CL mutations were introduced into the knob arm of each bispecific antibody.

Unmodified and modified bispecific antibodies were analyzed via bigh-resolution mass spectroscopy as

described above. As shown in the exemplary results provided in Table 23 and Figure 21, the EKKE and

YT.635 mutations, alone or in combination, generally improved bispecific assembly in different

antibodies. In the examples where the parent antibodies already exhubit strong preferential heavy/light

chain pairing, further improvement is difficult to achieve or detect.

Table 23
Combined
BslgG : 2x Knob 2x Hole LC
Coexpression Pairs Variants Bsslcgr(;n?ltl)i(l;c LC LC BslgG Scrambled
WT 79%# 17% 4% 78.1% 0.9%
EKKE 95%, 4% 1% 95.0% 0.0%
Anti-IL4/1L13 YT63510 87% 7% 6% 86.5% 0.5%
gng 95%, 2% 3% 94.9% 0.1%
WT 79% 9% 13% 77.5% 1.5%
EKKE 84% 13% 3% 83.5% 0.5%
Anti-EGFR/MET YT65 1m0 86% 10% 4% 85.5% 0.5%
EIZSE 87% 11% 2% 86.7% 0.3%
. WT 50% 21% 29% 29.0% 21.0%
ﬁﬁ;QEGFA EKKE 93% 1% 1% 95.0% 0.0%
YT63510 50% 29% 21% 29.0% 21.0%
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EIZSE 87% 7% 6% £6.5% 0.5%

WT 59% 4% 36% 56.4% 2.6%

. EKKE 79% 39 18% 78.3% 0.7%
ﬁ}%@éﬁGFA Y T65 32% 13% 36% 40.4% 11.6%
EESE 75% 1% 24% 74.7% 0.3%

WT 48% 20% 32% 24.0% 24.0%

EKKE 81% 17% 2% 80.6% 0.4%

Anti-HER2/CD3 Y T65 000 70% 19% 10% 67.2% 2.8%
EIZSE 90% 2% 89% £0.8% 0.2%

HJnmodified bispecific antibody shows correct HC/LC pairing

[0712]

The activity of the anti-HER2/CD3 antibody haing the EKKE and YT635 knob mutations was

compared to that of an unmodified anti-HERZ/CD3 antibody in an i vifro cytotoxicity assay, as

described above. As shown in Figure 23, the activitics of the modified and unmodified ant-HERZ/CD3

antibodies were comparable.

(0713]

The effects of YT65 and EKKE mutations on heavy cham/light chain paring in bispecific

4D3/UCHT ! antibodies of different isotypes were analvzed. Q39E40)/Q38K, ) knob/Q39K pe/(Q38E s

hole and YT65 knob mutations were introduced into bispecific anti-4DS/UCHTT antibodies of human

1gG1 1sotype, human IgG2 isotype, human 1gG4 isoiype and munne 1gG2a isotype. Antibodies of human

12G2 1sotype have not been obscrved to successfully assembic i virro. The exemplary resulis in Tabie

24 below show that the mutations in the light chain and heavy chain variable domains significantly

mmproved bispecific assembly in human bispeeific antibodies of different isotypes.
Table 24
Combined
Coelz:)Irge?sion Variants BslgG and =1 Knob 21 Hole BsleG LE
Pairs LC LC LC Scrambled

scrambled
4D5/UCHT1 WT 47.7% 20.0% 32.3% 23.9% 23.9%
hulgGl1 YT65 EKKE 90.0% 1.7% 8.3% 89.8% 0.2%
4D5/UCHT1 WT 50.0% 27.5% 22.5% 27.5% 22.5%
hulgG2 YT65. EKKE 87.3% 1.6% 11.1% 87.1% 0.2%
4D5/UCHT1 WT 38.6% 27.7% 33.7% 19.3% 19.3%
hulgG4 YT65. EKKE 88.4% 9.6% 2.0% 88.2% 0.2%
4D5/UCHT1 WT 44.9% 25.8% 29.2% 22.5% 22.5%
mulgG2a YT65. EKKE 94.5% 2.5% 3.0% 94 4% 0.1%
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[0714]  Next, a stable cell line expressing a bispecific 4DS/UCHTT antibody having Q39E40/Q38K o
knob/Q39K 102/ Q38E ¢ hole and YT65 knob mutations was constructed. CHO cells were transfected via
electroporation, and transformant were selected in the presence of MSX (methionine sulfoximine).
Isolates were picked several weeks later and were sereened for antibody titer and percentage of correctly
assembled bispecific antibody. Top clones were evaluated emploving a 14-day fed-batch culture process.
Bispecific antibody was harvested, purified, and analyzed via high-resolution mass spectroscopy as
described above. As shown in the exemplary results provided in Table 25 below, over 97% of the
bispecific antibody expressed from the cell line was correctly assembled. A transiently transfected cell
Eine expressing the 4D5/UCHT] antibody having Q390 /Q38K o1 knob/Q39K 100/ Q038E, ¢; hole and
YT65 knob mutations was found to express 90% correctly assembled bispecific antibody. Such results
show that the percentage of correctly assembled bispecific antibody expressed by the stable cell ine s
comparable to that expressed by the transiently transfected cells. Stable cell lines expressing 4D5/UCHT
bispecific antibody having Q39Ey01/Q38K, ¢ knob/Q39K 50,/Q38E, ¢, hole and V133E/5183
knob/V133K/S183E hole mutations or anti-1L13/1L4 Q39E;/Q38K 1 knob/Q39K /338K, ¢
V133K/5183E hole mutaions were constructed. Exemplary results show that over 98% or 91% of the

bispecitic antibody expressed from the cell line was correctly assembled (Table 25).

Table 25

Stable Cell Line BslgG 2x Knob LC 2x Hole L.C LC Scrambled
4D5/UCHT1.YT65.EKKE 97.5% 2.5% 0.0% 0.0%
4D5/UCHT1. EKKE +
V133K/S183E i 98.3% 0.0% 1.7% 0.0%
+V133E/S183Knob
allL13/alL.4 EKKE + o o o o
V133K/S183E . 91.3% 1.3% 7.3% 0.1%

[0715]  Next, the effects of the combination of Y165, EKKE, and V133K/S183E mutations on heavy
chain/light chain paring in 4D5/UCHT1 were analyzed. Briefly, a 4D5/UCHT1 bispecific antibody
comprising EKKE mutations, Y163 mutations on the knob arm (.e., the 4035 arm), and VI133K/8183E
mutations on the hole arm (i.e., the UCHT1 arm) was constructed, produced, purified, and analyzed via
high-resolution mass spectroscopy as described above. Bispecific assembly of

4D5/UCHT YT65 3o VI33K/S183E qs. EKKE was compared to bispecific assembly of
4D5/UCHTT. V133K/S183 05 EKKE. The exemplary results in Table 26 below show that the
mtroduction of YT65 mutations into the knob arm of a 4DBS/UCHTT bispecitic antibody having
V133K/S183Euqe and EKKE mutations improved correct heavy chain/light chain pairing from

approximately 95% to 100%.
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Table 26
UCHT1
&%ﬁﬁgg)s (HOLE) BslgG 2xKnob LC | 2xHole LC | an(ljbl .
MUTATIONS framye
Q39K/Q38E
Q39E/Q38K 94.75 4.7% 0.0% 0.0%
VI33K/S183E
39E/Q38k 39K/Q38E
Q Q Q Q 100% 0.0% 0.0% 0.0%
Y165 V133K/S183E
13716]  Further experiments were performed to assess the transforability of the mutations tested in

Table 26 1o other bispecific antibodies. The exemplary results in Table 27 below show that the

mtroduction of V133K/S183E mutations into the hole arm of five different bispecific antibodies having

EKKE and YT65x0on mutations improved correct heavy chamn/light chamn painng from approximately

79-95% to 95-100%.

Table 27

BslgG (%)
YaRian Dy HE‘;‘;‘ém Anti- Anti- Anti- Anti-
(4D5/UCHT1) IL4/1L13 | EGFR/cMET | VEGFA/ANG2 | VEGFA/VEGFC
WT 25 71 73 30 35
TRER! 84 84 95 79 80
YT65kno08
EKKE+
YT65knos + 100 96 100 95 98
V133K/S183Euo1x
I0717]  Additional experiments werg performed to assess the transferability of the mutations tested in

Tables 26 and 27 to anti-HER2/CD3 (4D5/UCHTT) bispecific antibodies of other human 1gG subclasses.

The exemplary results in Table 28 below show that the introduction of V133K/8183E mutations into the

hole arm of three different human IgG subtypes having EKKE and YT65kwos mutations improved correct

heavy chain/light chain pairing from approximately 77-85% to 98-100%.
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Table 28
0,
e BslgG (%)

HER2/CD3 Human IgG1 Human IgG2 Human IgG4
EKKE+ 25 77 20
YT065¢nos
EKKE+
YT65knos + 100 100 98
V133K/S183En01k

{0718}  The crystal structure of 405 Fab containing V1-Q38K, VH-Q39E, and the YT65 mutations
was determined to a resolution of 1.72 A The overall structure of the mutant does not show significant
difference compared to the wild type 405 Fab, indicating the mutations mtroduced to the CHY/CL
mterface do not perturb stractural integrity. See Figure 22A. The CL-5176F mutation and the CHI-
F1708 nutation showed good conformational complementarity, resulting in a well packed CL/CHI
mterface. This is consistent with the observed high thermostability of the 4135 Fab containing the Y165

mutations described in Table 22-1.

i0719]  According to the structure, the CL-S176F mutation distavors the pairing of the mutant LC with
the wild type HC because the mutated residue CL-5176F and wild type CHI-F170 are not
conformationally compatible. The CH1-F1705 mutation disfavors the pairing of the mutant HC with the
wild type LC because such pairing would generate a vacancy at the hydrophobic core which s
energeticallv unstable. See Figure 22B Therefore, the selective pairing between CL-8176F and CHI-

F1708 contributes {o an mcreased yield of correctly paired BslgG production.

[0726f  Table 29 below provides the resulis of experiments that were performed to assess the
transferability of different combinations of EKwvor, ERuous, KExuos, KEpors. EKKE, KEEK,
SIE3E/NV133Kwos, S183/VI33Kyore. S183K/VI133xknon, SIB3K/VI33E00n, Y T65wn0s, AND
Y1634 to anti-HER2/CD3 IgG1, anti-IL4/1L13 g1, anti-EGFR/MET 1gG1, anti-VEGFA/ANG2
1gGl, anti-VEGFA/VEGEC 1gGl, anti-HER2/CD3 IgG2, anti-HER2/CD3 IgG4, and anti-HER2/CD3
mlgG2a. The exemplary results in Table 29 below show that the mutations improved correct heavy

chain/light chain pairing.

224



WO 2016/172485 PCT/US2016/028850
Table 29
Knob HC 1 LC 1 Hole HC 2 LC2 Deconvoluted
CH1 VL1 CL1 VH2 CH1 VL2 CL Assembly %

24.6%
Q39E Q38K Q39K Q38E 55.7%
S183E V133K | 44.2%
S183K V133E 24.9%
YTo65H YTo65L 59.5%
S183K V133E S183E V133K | 46.4%
YTo65H YTo65L S183E V133K | 87.0%
Q39E Q38K Q39K | SI83E | Q38E | V133K | 81.2%
Q39E | S183K | Q38K | VI33E | Q39K Q38E 63.0%
Q39E | YT65H | Q38K | YT65L | Q39K Q38E 84.4%
Q39E | SI183K | Q38K | VI33E | Q39K | SI83E | Q38E | V133K [ 91.7%

. Q39E YT65H | Q38K YT65L | Q39K S183E | Q38E V133K | 100.0%
HEtIl£2/CD3 Q39E Q38K 37.5%
felil Q39E Q38K S183E V133K | 65.6%
Q39E S183K | Q38K V133E 38.3%
Q39E YT65H | Q38K YTo65L 73.7%
Q39E S183K | Q38K V133E S183E V133K | 66.2%
Q39E YT65H | Q38K YTo65L S183E V133K | 85.3%
Q39K Q38E 53.1%
Q39K | SI83E | Q38E | VI33K | 78.6%
S183K VI33E | Q39K Q38E 55.3%
YTo65H YT65L | Q39K Q38E 75.5%
S183K VI33E | Q39K S183E Q38E V133K | 89.8%
YTo65H YT65L | Q39K S183E | Q38E V133K | 98.2%
Q39K | SI83E | Q38E | V133K | Q39E | S183K | Q38K | VI33E | 73.0%
70.8%
Q39E Q38K Q39K Q38E 76.3%

Anti-

A3/114 S183E V133K | 81.6%
IeG1 S183K V133E 73.7%
YTo65H YTo65L 68.3%
S183K V133E S183E V133K | 86.2%
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YT65H YT65L S183E V133K | 93.7%
39E 38K 39K | SI83E | Q38E | V133K | 91.9%
Q
Q39E | SI83K | Q38K | VI33E | Q39K Q38E 81.5%
39E | YT65H | Q38K | YTesL | Q39K 38E 84.2%
Q
39E | SI83K | Q38K | VI33E | Q39K | SI83E | Q38E | V133K | 100.0%
Q Q Q Q
39E | YT65H | Q38K | YT65L | Q39K | S183E | Q38E | V133K | 95.6%
Q
73.4%
Q39E Q38K Q39K Q38E 83.2%
S183E V133K | 81.7%
S183K V133E 84.6%
YT65H YT65L 84.4%
Anti-
ECGFR/cMET S183K V133E S183E V133K | 93.1%
IgG1 YT65H YT65L S183E V133K | 96.5%
Q39E Q38K Q39K | SIS3E | Q38E | VI33K | 87.4%
Q39E | SI83K | Q38K | VI33E | Q39K Q38E 88.3%
Q39E | YT65H | Q38K | YT65L | Q39K Q38E 95.3%
Q39E | SI83K | Q38K | VI33E | Q39K | SI83E | Q38E | V133K | 100.0%
Q39E | YT65H | Q38K | YT65L | Q39K | SI83E | Q38E | VI33K | 100.0%
24.00%
Q39E Q38K Q39K Q38E 78.39%
S183E V133K | 69.3%
S183K V133E 50.3%
YT65H YT65L 52.7%
Anti-
VEGFA/ S183K V133E S183E V133K | 44.8%
ANG2 YT65H YT65L S183E V133K | 79.9%
IgG1
Q39E Q38K Q39K | SIS3E | Q38E | VI33K | 100.0%
39E | SIS3K | Q38K | VI33E | Q39K 38E 84.8%
Q
Q39E | YT65H | Q38K | YT65L | Q39K Q38E 78.9%
Q39E | SI83K | Q38K | VI33E | Q39K | SI83E | Q38E | VI33K | 98.9%
Q39E | YT65H | Q38K | YT65L | Q39K | SI83E | Q38E | VI33K | 94.9%
34.5%
Anti-
VEGFA/ Q39E Q38K Q39K Q38E 58.2%
VEGFC S183E V133K | 46.7%
IeG1
S183K V133E 58.8%
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YT65H YT65L 38.7%
S183K V133E S183E V133K | 74.4%
YT65H YT65L S183E V133K | 100.0%
Q39E Q38K Q39K | SI83E | Q38E | VI33K | 73.2%
Q39E | SI83K | Q38K | VI33E | Q39K Q38E 86.2%
39E YT65H 38K YT65L 39K 38E 74.0%
Q Q Q Q
Q39E | S183K | Q38K | VI33E [ Q39K | SI83E | Q38E | VI33K | 100.0%
Q39E YT65H | Q38K YT65L | Q39K S183E | Q38E V133K | 100.0%
24.4%
39E 38K 39K 38E 74.2%
Q Q Q Q
S183E V133K | 48.1%
S183K V133E 40.7%
YT65H YT65L 29.3%
Anti= S183K VI133E S183E V133K | 59.1%
HER2/CD3
IsG2 YT65H YT65L S183E V133K | 85.5%
Q39E Q38K Q39K | S183E | Q38E | V133K | 83.7%
Q39E | SI83K | Q38K | VI33E | Q39K Q38E 76.0%
Q39E | YT65H | Q38K | YT65L | Q39K Q38E 76.6%
Q39E | SI83K | Q38K | VI33E | Q39K | SI83E | Q38E | VI33K | 97.8%
Q39E | YT65H | Q38K | YT65L | Q39K | SIS83E | Q38E | VI33K | 99.0%
22.2%
Q39E Q38K Q39K Q38E 72.0%
S183E V133K | 49.5%
S183K VI133E 18.5%
YT65H YT65L 18.1%
Anti- S183K V133E S183E V133K | 47.6%
HER2/CD3
1sG4 YT65H YT65L S183E V133K | 75.7%
Q39E Q38K Q39K | SI83E | Q38E | VI33K | 84.9%
Q39E | SI83K | Q38K | VI33E | Q39K Q38E 73.4%
Q39E | YT65H | Q38K | YT65L | Q39K Q38E 79.5%
Q39E | SI83K | Q38K | VI33E [ Q39K | SI83E | Q38E | VI33K | 90.6%
Q39E | YT65H | Q38K | YT65L | Q39K | SI83E | Q38E | VI33K | 97.6%
xHER2/ Q39E | SI83K | Q38K | VI33E [ Q39K | SI83E | Q38E | VI33K | 98.5%
xCD3
mlgG2a
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| Q39E ‘ YT65H | Q38K ‘ YT65L | Q39K ‘ S183E | Q38E | V133K | 91.2%

©

Example 5: Pharmacokinetics Studies of Single Cell-Produced Bispecific Antibodies

{0721}  Additional studies were designed to evaluate and compare the pharmacokinetics (PK}
properties (such as non-specific clearance) of smgle cell-produced anti-HER2/CD3 knob-in-hole (KIH)
bispecific antibodies comprising EKKE, YT65, and/or V133X/S183X (CL/CHT) mutations with (a) an in
vitro-assembled anti-HER2/CD3 knob-m-hole (KIH} bispecific antibodies without the mutations in

VH/VL and CHI/CL and (b) trastuzamab (i e., bivalent monospecific anti-HER?) in C B-17 SCID mice.

107221  C.B-17 8CID mice (Charles River Laboratories, Hollister, CA) were organized nto five groups
{n=9). The mice in the first group were each given a single 5 mg/kg intravenous (IV) dose of in vitro-
asscmbled anti-HERZ/CD3 Knob-in-Hole bispecific antibody. The mice in the second group were cach
given a single 5 mg/kg intravenous (V) dose of in vitro-assembled anti-gD/CD3 Knob-m-Hole bispecific
antibody. The mice in the third group were each given a single 5 mg/kg intravencus (IV) dose of single
cell-produced anti-HERZ2/CD3 Knob-in-Hole bispecific antibody with EKKE + YT65 o muutations. The
mice m the fourth group were cach given a single 5 mg/kg intravenous {1V} dose of single celi-produced
anti-HER2/CD3 Knob-in-Hole bispecific antibody with EKKE + VI33E/5183Kgwos +
V133K/S183Euaqe mutations. The mice in the fifth group were each given a single 5 mg/kg mtravenous
{1V} dose of rastuzumab (.., an anti-HER? monospecific bivalent antibody). The animals were from 6
to 8 weeks old and weighed approximately 16 .6-21 4 g at the imtiation of the study. Blood samples were
collected via the fomoral vein at various time points for up to 28 days. Total antibody concentrations in
serum were determined by ELISAs and used for PK evaluations. PK parameters were estimated using a
two-compartmental model with IV bolus input model (Model 8) (Phoenix™ WinNonlin®, Version 6.4;
Pharsight Corporation; Mountain View, CA). Nominal sample collection time and nonunal dose
concentrations were used in the data analysis. All PK analvsis was based on the naive pool of individual

amimal data.

{07231  The concentration of (i) anti-HER2/CD3 Knob-in-Hole bispecitic antibody, (1) anti-
HER2/CD3 Knob-in-Hole bispecific antibody with EKKE + YT65wop mutations and {iti) anti-
HER2/CD3 Knob-in-Hole bispecific antibody with EKKE + V133E/5183Kxnop + VI33K/S5183 Egmr
mutation in serum was analyzed using a specific ELISA {coated with HERZ extracellular domain and
detected with a biotinylated CD3, as exemplified n Figure 14) with lower limit of quantitation of 0.08
ug/ml. The concentrations of (iv) anti-gD/CD3 Knob-in-Hole bispecific antibody and (v) trastuzumab in
serum were determined using a generic ELISA . The assay used a sheep anti-human IgG as the capture
reagent and a goat anti-human lgG conjugated to horseradish peroxidase as the detection reagent with

lower limit of quantitation of (.03 pug/ml.
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10724]  All antibodies showed biphasic disposition typical of an lgG antibody with initial faster
distribution followed by slower chimination (Figure 24). Pharmacokinetics of single cell-produced anti-
HER2/CD3 Knob-in-Hole bispecific antibody with EKKE + YT65 o mutations and anti-HER2/CD3
Knob-in-Hole bispecific antibody with EKKE + V133E/8183Knos + V133K/5183Eh0 . mutations were
stmilar to the conventional in vifro-asserabled anti-HER2/CD3 Kaob-in-Hole bispecific antibody
{seeTable 30 below). The dmg clearance (CL) of single celi-produced anti-HERZ/CD3 Knob-in-Hole
bispecitic antibody with EKKE + YT65kwor mutations and anti-HER2/CD3 Knob-in-Hole bispecific
antibody with EKKE + VI33E/S183Kqop + VI33K/S183E 1 ¢ mutations ranged from 7.14 to 8.08
mb/day/ke and the t,, p ranged from 9.34 to 9.38 days. [n vifro-assembled anti-HERZ/CD3 Knob-in-
Hole bispecific antibody has a CL of 8.23 mb/day/kg and 1,5 y of 11.4 days. /n virro-assembled anti-
el/CD3 Knob-in-Hole bispecific antibody appeared to have a slightly slower CL and longer terminal
half-life compared to in vitro-assembled anti-HER2/CDN Knob-in-Hole bispecific antibody. In this
gxperiment, the anti-HERZ/CD3 Knob-in-Hole bispecific antibody. anti-HER2/CB3 Knob-in-Hole
bispecific antibody with EKKE + Y T650s, and anti-HER2/CD3 Knob-in-Hole bispecific antibody with
ERKKE + VI33E/5183Kgnoe + VI33KE/S183E 0 s had approximately two-fold faster clearance and 2-fold

shorter halt-ife compared {o trastuzumab.

Table 30: Pharmacokinetic Parameter Estimates of anti-HER2/CD3, anti-gh/CD3, and Herceptin after 5
mg/kg IV Admunistration in C.B-17 SCID mice

ALC
Cmax (day*ug/mL CL t1/2. B Vl Vss
(ng/mL) ) (mL/day/ke) (day) | (mL/kg) | (mL/kg)

anti-HER2/CD3
+ KIH;in vitro 83.5 608 8.23 11.4 59.8 131
assembled
anti-gD/CD3
+ KIH, in vitro 98.9 804 6.22 14.3 50.5 126
assembled
anti-HER2/CD3
+ KIH
+ EKKE 110 619 8.08 934 454 107
+ YT65kn08
anti-HER2/CD3
+ KIH
+ EKKE 129 700 7.14 9.39 38.9 94.5
+ V133E/S183K knor
+ V133K/S183E 101k
Herceptin (anti-HER2) 92.2 1320 3.80 20.6 54.2 111

AUC = area under the serum concentration versus time curve;
CL = clearance;

Cmax = maximum concentration; IV = intravenous;

PK = pharmacokinetic;
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1125 = beta-phase half-life;

V, = volume of distribution of the central compartment;

V, = volume of distribution at steady state.

[0725]  The preceding Examples are offered for illustrative purposes only, and are not intended to limit
the scope of the present invention in any way. Varous modifications of the invention m addition to those
shown and deseribed hervein will become apparent to those skilied n the art from the foregoing

description and fall within the scope of the appended claims.
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What 1s claimed is:

L. A multispecific antigen binding protein comprising: a) a first heavy chain/light chain pair binding
to a first antigen which comprises a first heavy chain polypeptide (H1) and a first light chain polypeptide
(L1), and b) a second heavy chain/light chain pair binding to a second antigen which comprises a second
heavy chain polypeptide (H2) and a second light chain polypeptide (L2), wherein each H1 and H2
comprises a heavy chain variable domain (VH) and a heavy chain constant domain (CH1), and each L1
and L2 comprises a light chain variable domain (VL) and a light chain constant domain (CL); wherein the
CHI domain of HI comprises an amino acid substitution at S183 (EU numbering), and wherein the CL

domain of L1 comprises an amino acid substitution at V133 (EU numbering).

2. The multispecific antigen binding protein of claim 1, wherein the S183 substitution is selected
from the group consisting of SI83A, S183T, S183V, S183Y, S183F, S183H, S183N, S183D, S183E,
S183R, and S183K, and wherein the V133 substitution is selected from the group consisting of V133E,
V133S, VI133L, V133W, V133K, VI33R, and V133D.

3. The multispecific antigen binding protein of claim 1 or 2, wherein the amino acid at EU position
S183 on the CH1 domain of H1 is replaced with a positively charged residue, and wherein the amino acid

at V133 on the CL domain of L1 is replaced with a negatively charged residue.

4. The multispecific antigen binding protein of claim 1 or 2, wherein the amino acid at EU position
S183 on the CH1 domain of H1 is replaced with a negatively charged residue, and wherein the amino

acid at V133 on the CL domain of L1 is replaced with a positively charged residue.

5. The multispecific antigen binding protein of claim 3 or 4, wherein the positively charged residue

is selected from the group consisting of R and K.

6. The multispecific antigen binding protein of any one of claims 3-5, wherein the negatively

charged residue is selected from the group consisting of D and E.

7. The multispecific antigen binding protein of any one of claims 1-6 wherein the CH1 domain
consists of an amino acid substitution at S183 (EU numbering), and wherein the CL domain of L1

consists of an amino acid substitution at V133 (EU numbering).

8. The multispecific antigen binding protein of any one of claims 1-7, wherein:
(a) the CHI domain of HI comprises the S183D mutation, and wherein the CL. domain of
L1 comprises the V133K mutation;
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(b) the CH1 domain of HI comprises the S183E mutation, and wherein the CL. domain of L1
comprises the V133K mutation;

() the CHI domain of HI comprises the SI83A mutation, and wherein the CL domain of
L1 comprises the V133E mutation;

(d) the CH1 domain of HI comprises the SI83A mutation, and wherein the CL. domain of
L1 comprises the V133S mutation;

(e) the CHI domain of HI comprises the SI83A mutation, and wherein the CL domain of
L1 comprises the V133L mutation;

® the CH1 domain of HI comprises the SI83A mutation, and wherein the CL. domain of
L1 comprises the V133W mutation;

(2) the CH1 domain of HI comprises the SI83A mutation, and wherein the CL. domain of
L1 comprises the V133K mutation;

(h) the CH1 domain of HI comprises the SI83A mutation, and wherein the CL. domain of
L1 comprises the V133R mutation;

(1) the CHI domain of HI comprises the SI83A mutation, and wherein the CL domain of
L1 comprises the V133D mutation;

) the CHI domain of HI comprises the S183T mutation, and wherein the CL. domain of L1
comprises the V133E mutation;

&) the CH1 domain of HI comprises the S183T mutation, and wherein the CL. domain of L1
comprises the V133S mutation;

) the CHI domain of HI comprises the S183T mutation, and wherein the CL. domain of L1
comprises the V133L mutation;

(m) the CHI domain of HI comprises the S183T mutation, and wherein the CL. domain of L1
comprises the V133W mutation;

(n) the CHI domain of HI comprises the S183T mutation, and wherein the CL. domain of L1
comprises the V133K mutation;

(0) the CHI domain of HI comprises the S183T mutation, and wherein the CL. domain of L1
comprises the V133R mutation;

(p) the CHI domain of HI comprises the S183T mutation, and wherein the CL. domain of L1
comprises the V133D mutation;

(@) the CHI domain of HI comprises the S183V mutation, and wherein the CL. domain of
L1 comprises the V133E mutation;

(1) the CHI domain of HI comprises the S183V mutation, and wherein the CL. domain of
L1 comprises the V133S mutation;

(s) the CH1 domain of HI comprises the S183V mutation, and wherein the CL. domain of
L1 comprises the V133L mutation;
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(t) the CHI domain of HI comprises the S183V mutation, and wherein the CL domain of
L1 comprises the V133W mutation;

(u) the CH1 domain of HI comprises the S183V mutation, and wherein the CL domain of
L1 comprises the V133K mutation;

v) the CH1 domain of HI comprises the S183V mutation, and wherein the CL domain of
L1 comprises the VI33R mutation;

(w) the CH1 domain of HI comprises the S183V mutation, and wherein the CL domain of
L1 comprises the V133D mutation;

(%) the CH1 domain of HI comprises the S183Y mutation, and wherein the CL. domain of
L1 comprises the V133E mutation;

) the CH1 domain of HI comprises the S183Y mutation, and wherein the CL. domain of
L1 comprises the V133S mutation;

(2) the CHI domain of HI comprises the S183Y mutation, and wherein the CL. domain of
L1 comprises the V133L mutation;

(aa)  the CHI1 domain of H1 comprises the S183Y mutation, and wherein the CL of L1
domain comprises the V133W mutation;

(bb)  the CH1 domain of H1 comprises the S183Y mutation, and wherein the CL of L1
domain comprises the V133K mutation;

(cc)  the CHI1 domain of H1 comprises the S183Y mutation, and wherein the CL domain of
L1 comprises the VI33R mutation;

(dd)  the CH1 domain of H1 comprises the S183Y mutation, and wherein the CL domain of
L1 comprises the V133D mutation;

(ee)  the CHI domain of H1 comprises the S183F mutation, and wherein the CL. domain of L1
comprises the V133E mutation;

(ff) the CH1 domain of HI comprises the S183F mutation, and wherein the CL domain of L1
comprises the V133S mutation;

(gg)  the CH1 domain of H1 comprises the S183F mutation, and wherein the CL. domain of L1
comprises the V133L mutation;

(hh)  the CH1 domain of H1 comprises the S183F mutation, and wherein the CL. domain of L1
comprises the V133W mutation;

(i1) the CH1 domain of HI comprises the S183F mutation, and wherein the CL domain of
L1 comprises the V133K mutation;

an the CH1 domain of HI comprises the S183F mutation, and wherein the CL domain of L1
comprises the V133R mutation;

(kk)  the CH1 domain of HI comprises the S183F mutation, and wherein the CL of L1 domain

comprises the V133D mutation;
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1 the CHI domain of HI comprises the S183H mutation, and wherein the CL. domain of
L1 comprises the V133S mutation;

(mm) the CHI1 domain of H1 comprises the S183H mutation, and wherein the CL domain of
L1 comprises the V133L mutation;

(nn)  the CH1 domain of H1 comprises the S183H mutation, and wherein the CL domain of
L1 comprises the V133W mutation;

(0o)  the CH1 domain of H1 comprises the S183N mutation, and wherein the CL domain of
L1 comprises the V133L mutation; or
(pp)  the CH1 domain of H1 comprises the S183E mutation, and wherein the CL domain of L1
comprises the V133L mutation.the CH1 domain of HI comprises the S183K mutation, and wherein the
CL domain of L1 comprises the V133E mutation.

9. The multispecific antigen binding protein of claim 8, wherein:

(a) the CHI domain of HI comprises or consists of the S183D mutation, and wherein the CL
domain of L1 comprises or consists of the V133K mutation;

(b) the CH1 domain of HI comprises or consists of the S183E mutation, and wherein the CL
domain of L1 comprises or consists of the V133K mutation;

(c) the CHI domain of HI comprises or consists of the S183T mutation, and wherein the CL
domain of L1 comprises or consists of the V133K mutation; or

(d) the CH1 domain of HI comprises or consists of the S183V mutation, and wherein the CL
domain of L1 comprises or consists of the V133E mutation

() the CH1 domain of H1 comprises or consists of the S183K mutation, and wherein the CL

domain of L1 comprises or consists of the VI33E mutation.

10. The multispecific antigen binding protein of any one of claims 1-9, wherein the CH1 domain of

H2 and/or the CL. domain of L2 does not comprise an amino acid substitution.

1. The multispecific antigen binding protein of any one of claims 1-9, wherein the CH1 domain of
H2 does not comprise a substitution at S183 and the CL domain of L2 do not comprise substitution at

V133.

12. The multispecific antigen binding protein of any one of claims 1-11, wherein the VH domain of
H1 and/or H2 comprises an amino acid substitution at position Q39 (Kabat numbering), and wherein the

VL domain of L1 and/or L2 comprises an amino acid substitution at position Q38 (Kabat numbering).

13. The multispecific antigen binding protein of claim 12, wherein the amino acid at Q39 in the VH
domain is replaced with a positively charged residue, and wherein the amino acid at Q38 in the VL

domain is replaced with a negatively charged residue (Kabat numbering).
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14. The multispecific antigen binding protein of claim 4, wherein the amino acid at Q39 in the VH
domain is replaced with a positively charged residue, and wherein the amino acid at Q38 in the VL

domain is replaced with a negatively charged residue (Kabat numbering).

I5. The multispecific antigen binding protein of claim 12, wherein the amino acid at Q39 in the VH
domain is replaced with a negatively charged residue, and wherein the amino acid at Q38 in the VL

domain is replaced with a positively charged residue (Kabat numbering).

16. The multispecific antigen binding protein of claim 3, wherein the amino acid at Q39 in the VH
domain is replaced with a negatively charged residue, and wherein the amino acid at Q38 in the VL

domain is replaced with a positively charged residue (Kabat numbering).

17. The multispecific antigen binding protein of any one of claims 13-16, wherein the positively

charged residue is selected from the group consisting of R and K.

18. The multispecific antigen binding protein of any one of claims 13-17, wherein the negatively

charged residue is selected from the group consisting of D and E.

19. The multispecific antigen binding protein of any one of claims 1-12, wherein the VH domain of
H1 comprises a Q39E substitution mutation (Kabat numbering), and wherein the VL domain of L1

comprises a Q38K substitution mutation (Kabat numbering).

20. The multispecific antigen binding protein of any one of claims 1-12, wherein the VH domain of
H1 comprises a Q39E substitution mutation, wherein the VL domain of L1 comprises a Q38K
substitution mutation, and wherein the VH domain of H2 comprises a Q39K substitution mutation (Kabat

numbering).

21. The multispecific antigen binding protein of any one of claims 1-12, wherein the VH domain of
H1 comprises a Q39E substitution mutation, wherein the VL domain of L1 comprises the Q38K
substitution mutation, wherein the VH domain of H2 comprises a Q39K substitution mutation, and

wherein the VL domain of L2 comprises a Q38E substitution mutation (Kabat numbering).

22. The multispecific antigen binding protein of any one of claims 1-12, wherein the VH domain of
H1 comprises a Q39K substitution mutation (Kabat numbering), and wherein the VL domain of L1

comprises a Q38E substitution mutation (Kabat numbering).

23. The multispecific antigen binding protein of any one of claims 1-12 and 20, wherein the VH
domain of HI comprises a Q39K substitution mutation, wherein the VL. domain of L1 comprises a Q38E
substitution mutation, and wherein the VH domain of H2 comprises a Q39E substitution mutation (all

Kabat numbering).
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24. The multispecific antigen binding protein of any one of claims 1-12, wherein the VH domain of
H1 comprises a Q39K substitution mutation, wherein the VH domain of H2 comprises a Q39E
substitution mutation, and wherein the VL. domain of L2 comprises a Q38K substitution mutation (all

Kabat numbering).

25. The multispecific antigen binding protein of any one of claims 1-12 and 20-21, wherein the VH
domain of H1 comprises the Q39K substitution mutation, wherein the VL domain of L1 comprises the
Q38E substitution mutation, wherein the VH domain of H2 comprises a Q39E substitution mutation, and

wherein the VL domain of L2 comprises a Q38K substitution mutation (all Kabat numbering).

26. The multispecific antigen binding protein of any one of claims 1-25, wherein the interaction

between the two substituted amino acids is via hydrogen bonds.

27. The multispecific antigen binding protein of any one of claims 1-26, wherein the interaction

between the two substituted amino acids 1s via electrostatic interaction.

28. The multispecific antigen binding protein of any one of claims 1-9, 12-13, 15, 17-18, 22-23, and
25-26, wherein the VH domain of HI comprises a Q39K substitution mutation and the CHI domain of
H1 comprises the S183E substitution mutation, wherein the VL domain of L1 comprises a Q38E
substitution mutation and the CL domain of L1 comprises the V133K mutation, wherein the VH domain
of H2 comprises the Q39E substitution mutation, and wherein the VL. domain of L2 comprises the Q38K

substitution mutation.

29. The multispecific antigen binding protein of any one of claims 1-9, 12-13, 15, 17-18, 22-23, and
25-26, wherein the VH domain of HI comprises a Q39K substitution mutation and the CHI domain of
H1 comprises the S183T substitution mutation, wherein the VL domain of L1 comprises a Q38E
substitution mutation and the CL domain of L1 comprises the V133K mutation, wherein the VH domain
of H2 comprises the Q39E substitution mutation, and wherein the VL. domain of L2 comprises the Q38K

substitution mutation.

30. The multispecific antigen binding protein of any one of claims 1-9, 12-13, 15, 17-18, 22-23, and 25-
26 wherein the VH domain of H1 comprises a Q39K substitution mutation and the CH1 domain of H1
comprises the S183Y substitution mutation, wherein the VL domain of L1 comprises a Q38E substitution
mutation and the CL domain of L1 comprises the V133K mutation, wherein the VH domain of H2
comprises the Q39E substitution mutation, and wherein the VL domain of L2 comprises the Q38K

substitution mutation.

31. The multispecific antigen binding protein of any one of claims 1-9, 12-13, 15, 17-18, 22-23, and 25-
26, wherein the VH domain of H1 comprises a Q39K substitution mutation and the CH1 domain of H1
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comprises the S183F substitution mutation, wherein the VL domain of L1 comprises a Q38E substitution
mutation and the CL domain of L1 comprises the V133K mutation, wherein the VH domain of H2
comprises the Q39E substitution mutation, and wherein the VL domain of L2 comprises the Q38K

substitution mutation.

32. The multispecific antigen binding protein of any one of claims 1-9, 12-13, 15, 17-21, and 25-26,
wherein the VH domain of HI comprises a Q39E substitution mutation and the CH1 domain of H1
comprises the S183E substitution mutation, wherein the VL domain of L1 comprises a Q38K substitution
mutation and the CL domain of L1 comprises the V133K mutation, wherein the VH domain of H2
comprises the Q39K substitution mutation, and wherein the VL. domain of L2 comprises the Q38E

substitution mutation.

33. The multispecific antigen binding protein of any one of claims 1-9, 12-13, 15, 17-18, 22-23, and
25-26, wherein the VH domain of H1 comprises a Q39K substitution mutation, wherein the VL domain
of L1 comprises a Q38E substitution mutation, wherein the VH domain of H2 comprises the Q39E
substitution mutation and the CHI1 domain of H2 comprises the S183E substitution mutation, and
wherein the VL domain of L2 comprises the Q38K substitution mutation and the CL domain of L1

comprises the V133K mutation.

34. The multispecific antigen binding protein of any one of claims 1-9, 12-13, 15, 17-21, and 25-26,
wherein the VH domain of HI comprises the Q39E substitution mutation and the CH1 domain of
Hlcomprises the S183K substitution mutation, wherein the VL domain of L1 comprises the Q38K
substitution mutation and the CL domain of L1 comprises the V133E substitution mutation, wherein the
VH domain of H2 comprises a Q39K substitution mutation and the CH1 domain of H2 comprises the
S183E substitution mutation, and wherein the VL. domain of L2 comprises a Q38E substitution mutation

and the CL domain of L2 comprises the V133K mutation.

35. The multispecific antigen binding protein of any one of claims 1-9, 12-13, 15, 17-18, 22-23, and 25-
26, wherein the VH domain of H1 comprises the Q39E substitution mutation and the CH1 domain of
Hlcomprises the S183E substitution mutation, wherein the VL domain of L1 comprises the Q38K
substitution mutation and the CL domain of L1 comprises the V133K substitution mutation, wherein the
VH domain of H2 comprises a Q39K substitution mutation and the CH1 domain of H2 comprises the
S183K substitution mutation, and wherein the VL domain of L2 comprises a Q38E substitution mutation

and the CL domain of L2 comprises the V133E mutation.

36. The multispecific antigen binding protein of any one of claims 1-9, 12-13, 15, 17-18, 22-23, and 25-
26, wherein the VH domain of H1 comprises the Q39K substitution mutation and the CH1 domain of H1
comprises the S183K substitution mutation, wherein the VL domain of L1 comprises the Q38E
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substitution mutation and the CL domain of L1 comprises the V133E substitution mutation, wherein the
VH domain of H2 comprises a Q39E substitution mutation and the CH1 domain of H2 comprises the
S183E substitution mutation, and wherein the VL domain of.2 comprises a Q38K substitution mutation

and the CL domain of L2 comprises the V133K mutation.

37. The multispecific antigen binding protein of any one of claims 1-9, 12-13, 15, 17-18, 22-23, and
25-26, wherein the VH domain of H1 comprises the Q39K substitution mutation and the CH1 domain of
H1 comprises the S183E substitution mutation, wherein the VL domain of L1 comprises the Q38E
substitution mutation and the CL domain of L1 comrpises the V133K substitution mutation, wherein the
VH domain of H2 comprises a Q39E substitution mutation and the CH1 domain of H2 comprises the
S183K substitution mutation, and wherein the VL domain of L2 comprises a Q38K substitution mutation

and the CL domain of L2 comprises the V133E mutation.

38. The multispecific antigen binding protein of any one of claims 1-37, wherein each of H1 and/or

H2 comprises an Fc region comprising a CH2 and a CH3 domain.

39. The multispecific antigen binding protein of claim 38, wherein the Fc region of HI and/or H2 is
human IgG1, human IgG2 or human IgG4 Fe.

40. The multispecific antigen binding protein of claim 38, wherein the Fec region of H1 and/or H2 is
mouse IgG1, mouse IgG2 or mouse IgG4 Fc.

4]. The multispecific antigen binding protein of any one of claims 1-40, wherein the CH3 domains
of H1 and H2 each meet at an interface, and wherein each of the CH3 domains comprises an amino acid

substitution such that the Fc region of H1 preferentially pairs with that of H2 as compared to HI.

42 The multispecific antigen binding protein of claim 41, wherein the amino acid substitutions in the

CH3 domains result in greater electrostatic complementarity.

43. The multispecific antigen binding protein of claim 41, wherein the amino acid substitutions in the

CH3 domains result in greater steric complementarity.

44. The multispecific antigen binding protein of claim 41,
wherein the CH3 domain of H1 is altered, so that within the CH3/CH3 interface, one or more
amino acid residues are replaced with one or more amino acid residues having a larger side chain
volume, thereby generating a protuberance on the surface of the CH3 domain of H1 that interacts with

the CH3 domain of H2 and
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wherein the CH3 domain of H2 is altered so that within the CH3/CH3 interface one or more
amino acid residues are replaced with amino acid residues having a smaller side chain volume, thereby

generating a cavity on the surface of the CH3 domain of H2 that interacts with the CH3 domain of H1.

45. The multispecific antigen binding protein of claim 41,

wherein the CH3 domain of H2 is altered, so that within the CH3/CH3 interface, one or more
amino acid residues are replaced with one or more amino acid residues having a larger side chain volume,
thereby generating a protuberance on the surface of the CH3 domain of H2 that interacts with the CH3
domain of H1

and

wherein the CH3 domain of H1 is altered so that within the CH3/CH3 interface, one or more
amino acid residues are replaced with amino acid residues having a smaller side chain volume, thereby

generating a cavity on the surface of the CH3 domain of H1 that interacts with the CH3 domain of H2.

46. The multispecific antigen binding protein of claim 44 or 45, wherein the protuberance is a knob

mutation.

47. The multispecific binding protein of claim 46, wherein the knob mutation comprises T366W (EU

numbering).
48. The multispecific antigen binding protein of claim 44 or 45 wherein the cavity is a hole mutation.
49. The multispecific antigen binding protein of claim 48, wherein the hole mutation comprises at

least one, at least two, or all three of T366S, L368A, and Y407V (EU numbering).

50. A multispecific antigen binding protein comprising: a) a first heavy chain/light chain pair
comprising a first heavy chain polypeptide (H1) and a first light chain polypeptide (L1), and b) a second
heavy chain/light chain pair comprising a second heavy chain polypeptide (H2) and a second light chain
polypeptide (L2), wherein each H1 and H2 comprises a heavy chain variable domain (VH) and a heavy
chain constant domain (CH1), and each L1 and L2 comprises a light chain variable domain (VL) and a
light chain constant domain (CL); wherein the CHI domain of H1 comprises an amino acid substitution
at F170 (EU numbering), and wherein the CL domain of .1 comprises an amino acid substitution at S176

(EU numbering).

51. The multispecific antigen binding protein of claim 50, wherein the CHI domain of H1 further
comprises one or more amino acid substitutions at a position selected from the group consisting of: A141,

S181, S183, and V185 (EU numbering).
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52. The multispecific antigen binding protein of any one of claims 50-51, wherein the CL domain of
L1 further comprises one or more amino acid substitutions at a position selected from the group

consisting of F116, S131, V133, L135, S162, S174, and T178 (EU numbering).

33. The multispecific antigen binding protein of any one of claims 50-52, wherein the one or more
amino acid substitutions at a position selected from the group consisting of A141, F170, S181, S183, and
V185 (EU numbering) of CH1 and/or the one or more amino acid substitutions at a position selected
from the group consisting of F116, S131, V133, L135, S162, S174, S176, and T178 (EU numbering) of

CL1 are not substituted with charged amino acid residues.

54. The multispecific antigen binding protein of any one of claims 50-53, wherein the amino acid

substitutions result in steric complementarity.

35. The multispecific antigen binding protein of any one of claims 50-54, wherein the CH1 domain
of H1 comprises an amino acid substitution selected from the group consisting of F170S and F170A, and

wherein the CL domain of L1 comprises an amino acid substitution of S176F.

56. The multispecific antigen binding protein of any one of claims 50-54, wherein:

(a) the CH1 domain of HI comprises the F170S mutation, and the CL. domain of L1
comprises the S176F mutation; or

(b) the CH1 domain of HI comprises the F170A mutation, and the CL. domain of L1

comprises the S176F mutation.

57. The multispecific antigen binding protein of claim 56, wherein the CHI domain of H1 comprises

the F170S mutation, and wherein the CL domain of L1 comprises the S176F mutation.

38. The multispecific antigen binding protein of any one of claims 50-57, wherein:

(a) the CH1 domain of HI comprises the A1411, F170S, S181M, S183V, and V185A
mutations, and the CL. domain of L1 comprises the F116A, V1331, L135V, S162M, S174A, S176F, and
T178V mutations;

(b) the CH1 domain of HI comprises the A1411, F170S, S181M, S183A, and V185A
mutations and the CL domain of L1 comprises the F116A, S131D, L135V, S162A, S174A, S176F, and
T1781 mutations;

() the CHI domain of HI comprises the A1411, F170S, S181M, S183A, and V185A
mutations and the CL domain of L1 comprises the F116A, L135V, S174A, S176F, and T178V mutations;
or

(d) the CH1 domain of HI comprises the A1411, F170A, S181M, S183V, and V185A
mutations and the CL domain of L1 comprises the F116A, L135V, S162M, S174A, S176F, and T178V

mutations.
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59. The multispecific antigen binding protein of any one of claims 50-57, wherein the CH1 domain
of H1 comprises A1411, F170S, S181M, S183A, and V185A mutations and the CL. domain of L1
comprises F116A, L135V, S174A, S176F, and T178V mutations.

60. The multispecific antigen binding protein of claim 59, wherein the VH domain of H1 comprises a
Q39E mutation (Kabat numbering), the VL domain of L1 comprises a Q38K mutation (Kabat
numbering), the VH domain of H2 comprises a Q39K mutation (Kabat numbering), and the the VL.

domain of L2 comprises a Q38E mutation (Kabat numbering).

61. The multispecific antigen binding protein of claim 59 or 60, wherein the CH1 domain of H2
comprises an S183E mutation (EU numbering) and the CL domain of L2 comprises a V133K mutation

(EU numbering).

62. The multispecific antigen binding protein of claim 59, wherein the VH domain of H1 comprises a
Q39K mutation (Kabat numbering), the VL domain of L1 comprises a Q38E mutation (Kabat
numbering), wherein the VH domain of H2 comprises a Q39E mutation (Kabat numbering), and the VL.

domain of L2 comprises a Q38K mutation (Kabat numbering).

63. The multispecific antigen binding protein of claim 59 or 62, wherein
the CHI domain of H2 comprises an S183K mutation (EU numbering) and the CL domain of L2

comprises a V133K mutation (EU numbering).

64. The multispecific antigen binding protein of any one of claims 50-55, wherein:

(a) the CHI domain of HI comprises F170S, S181M, S183A, and V185A mutations and the
CL domain of L1 comprises L135V, S174A, S176F, and T178V mutations;

(b) the CH1 domain of HI comprises A1411, F170S, S183A, and V185A mutations and the
CL domain of L1 comprises F116A, S174A, S176F, and T178V mutations;

() the CHI domain of HI comprises A1411, F170S, S181M, and V185A mutations and the
CL domain of L1 comprises F116A, L135V, S176F, and T178V mutations;

(d) the CHI domain of HI comprises A1411, F170S, S181M, and S183A mutations and the
CL domain of L1 comprises F116A, 135V, S174A, and S176F mutations;

(e) the CHI domain of HI comprises F170S, S183A, and V185A mutations and the CL.
domain of L1 comprises F116A, S176F, and T178V mutations;

® the CH1 domain of HI comprises F170S, SI81M, and V185A mutations and the CL
domain of L1 comprises F116A, L135V, and S176F mutations;

() the CH1 domain of HI comprises F170S, S181M, and S183A mutations and the CL
domain of L1 comprises F116A and S176F mutations;
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(h) the CH1 domain of HI comprises A1411, F170S, and VI85A mutations and the CL
domain of L1 comprises F116A and S176F mutations;

(1) the CHI domain of HI comprises A1411, F170S, and S183A mutations and the CL
domain of L1 comprises F116A and S176F mutations;

o the CH1 domain of HI comprises A1411, F170S, and S181M mutations and the CL
domain of L1 comprises F116A, L135V, S174A, S176F, and T178V mutations;

(k) the CHI domain of HI comprises F170S and V185A mutations and the CL. domain of L1
comprises F116A and S176F mutations;

1) the CHI domain of HI comprises A1411 and F170S mutations and the CL. domain of L1
comprises F116A, L135V, S174A, S176F, and T178V mutations;

(m) the CHI domain of HI comprises A1411 and F170S mutations and the CL. domain of L1
comprises F116A, L135V, S176F, and T178V mutations;

(n) the CHI domain of HI comprises A1411 and F170S mutations and the CL. domain of L1
comprises F116A, L135V, S174A, and S176F mutations;

(o) the CHI domain of HI comprises A1411 and F170S mutations and the CL. domain of L1
comprises F116A, S176F, and T178V mutations;

P the CH1 domain of H1 comprises A1411 and F170S mutations and the CL domain of L1
comprises F116A, L135V, and S176F mutations;

@ the CH1 domain of HI comprises A1411 and F170S mutations and the CL domain of L1
comprises F116Aand S176F mutations;

(r) the CH1 domain of HI comprises the F170S mutation and the CL domain of L1
comprises F116A, L135V, S174A, S176F, and T178V mutations;

(s) the CH1 domain of HI comprises the F170S mutation and the CL domain of L1
comprises F116A, L135V, S176F, and T178V mutations;

t) the CHI domain of HI comprises the F170S mutation and the CL domain of L1
comprises F116A, L135V, S174A, and S176F mutations;

(u) the CH1 domain of HI comprises the F170S mutation and the CL domain of L1
comprises F116A, S176F, and T178V mutations;

v) the CH1 domain of HI comprises the F170S mutation and the CL domain of L1
comprises F116A, L135V, and S176F mutations; or

(w) the CH1 domain of HI comprises the F170S mutation and the CL domain of L1
comprises F116A and S176F mutations.

65. The multispecific antigen binding protein of claim 64, wherein the CHI domain of H1 comprises
A1411, F170S, and S181M mutations and the CL domain of L1 comprises F116A, L135V, S174A,
S176F, and T178V mutations.
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66, The multispecific antigen binding protein of claim 64, wherein the CHI domain of H1 comprises
A1411 and F170S mutations and the CL domain of L1 comprises F116A, L135V, S174A, S176F, and
T178V mutations.

67. The multispecific antigen binding protein of claim 64, wherein the CHI domain of H1 comprises
the F170S mutation and the CL domain of L1 comprises F116A, L135V, S174A, S176F, and T178V

mutations.

68. A multispecific antigen binding protein comprising: a) a first heavy chain/light chain pair
comprising a first heavy chain sequence (H1) and a first light chain sequence (L1), and b) a second heavy
chain/light chain pair comprising a second heavy chain sequence (H2) and a second light chain sequence
(L2), wherein each H1 and H2 comprises a heavy chain variable domain (VH) and a heavy chain constant
domain (CH1), and each L1 and L2 comprises a light chain variable domain (VL) and a light chain
constant domain (CL); wherein the CH1 domain of HI comprises an amino acid substitution at L128 (EU
numbering) and wherein the CL. domain of C1 comprises amino acid substitutions at F118 and L135 (EU

numbering).

69. The multispecific antigen binding protein of claim 68, wherein the CHI domain of H1 further

comprises an amino acid substitution at V185 (EU numbering).

70. The multispecific antigen binding protein of claim 68 or 69, wherein the CH1 domain of H1
further comprises one or more amino acid substitutions at a position selected from the group consisting

of: A141, F170, S181, and S183 (EU numbering).

71. The multispecific antigen binding protein of any one of claims 68-70, wherein the CL domain of
L1 further comprises one or more amino acid substitutions at a position selected from the group

consisting of S131, V133, S162, T164, S176 and T178 (EU numbering).

72. The multispecific antigen binding protein of any one of claims 68-71, wherein the one or more
amino acid substitutions at a position selected from the group consisting of L128 A141, F170, S181,
S183, V185 (EU numbering) of CH1 and/or the one or more amino acid substitutions at a position
selected from the group consisting of F118 S131, V133, and L135 S162, T164, S176 and T178 (EU

numbering) of CL1 are not substituted with charged amino acid residues.

73. The multispecific antigen binding protein of any one of claims 68-72, wherein the amino acid

substitutions result in greater steric complementarity.

74. The multispecific antigen binding protein of any one of claims 68-73, wherein the CH1 domain

of Hlcomprises an amino acid substitution at a position selected from the group consisting of A141,
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F170, S181, and S183, and wherein the CL domain comprises an amino acid substitution at a position

selected from the group consisting of S131, V133, S162, T164, S176 and T178.

75. The multispecific antigen binding protein of claim 74, wherein

(a) the CHI domain of HI comprises L128F, A141M, F170M, S1811 and S183A mutations
and the CL domain comprises F118V, S131T, V133A, L135Y, S162A, T164S, S176M, and T178L
mutations;

(b) the CH1 domain of HI comprises L128F, A141M, F170Y, S1811, SI183A, and VI85A
mutations and the CL domain comprises F118V, S131T, V133A, L135F, S162A, S176A, and T178L.
mutations;

() the CHI domain of HI comprises L128F, A141T, F170M, S181T, S183A, and V185L
mutations and the CL domain comprises F118V, S131T, VI33A, L135F, S162A, T164S, S176T, and
T178L mutations; or

(d) the CH1 domain of HI comprises L128F, A141M, F170M, S181T, and S183A,
mutations and the CL domain comprises F118V, S131T, VI33A, L135F, S162M, T164S, S176M, and
T178L mutations.

76. The multispecific antigen binding protein of claim 75, wherein the CHI domain of H1 comprises
the L128F, A141M, F170Y, S181I, S183A, and V185A mutations, and wherein the CL domain
comprises the F118V, S131T, V133A, L135F, S162A, S176A, and T178L mutations.

77. The multispecific antigen binding protein of any one of claims 1-49,

wherein the CHI domain of H2 is altered so that within the CH1/CL interface, two or more amino acid
residues are replaced with an equivalent number of amino acid residues having a larger side chain
volume, thereby generating a protuberance on the surface of the CH1 domain of H2 that interacts with the
CL domain of L2,

and

wherein the CL domain of L2 i1s altered so that within the CH1/CL interface, two or more amino acid
residues are replaced with an equivalent number of amino acid residues having a smaller side chain
volume, thereby generating a cavity on the surface of the CL. domain of L2 that interacts with the CH1
domain of H2.

78. The multispecific antigen binding protein of claim any one of claims 1-49,

Wherein the CL domain of L2 is altered so that within the CH1/CL interface, two or more amino acid
residues are replaced with amino acid residues having a larger side chain volume, thereby generating a
protuberance on the surface of the CL domain that interacts with the CHI domain of H2,

and
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wherein the CHI domain of H2 is altered so that within the CH1/CL interface , two or more amino acid
residues are replaced with amino acid residues having a smaller side chain volume, thereby generating a

cavity on the surface of the CH1 domain of H2 that interacts with the CL domain.

79. The multispecific antigen-binding protein of claim 59, wherein the CH1 domain of H2 comprises
an amino acid substitution mutation at S183 (EU numbering) and the CL domain of L2 comprises an

amino acid substitution muatation V133K (EU numbering).

80. The multispecific antigen-binding protein of claim 79, wherein the amino acid at position S183 in
the CHI domain of H2 is replaced with a positively charged amino acid, and wherein the the amino acid

at position V133 in the CL domain of L2 is replaced with a negatively charged amino acid.

81. The multispecific antigen-binding protein of claim 79, wherein the amino acid at position S183 in
the CHI domain of H2 is replaced with a negatively charged amino acid, and wherein the the amino acid

at position V133 in the CL domain of L2 is replaced with a positively charged amino acid.

82. The multispecific antigen-binding protein of claim 79, wherein the CH1 domain of H2 comprises

S183E mutation, and wherein the CL domain of L2 comprises V133K mutation.

83. The multispecific antigen-binding protein of claim 82, futher comprising in the VH domain of
H1 Q39E mutation, in the VL domain of L1 Q38K mutation, in the VH domain of H2 Q39K mutation
and in the VL domain of L2 Q38E mutation.

34. The multispecific antigen-binding protein of claim 79, wherein the CH1 domain of H2 comprises

S183K mutation, and wherein the CL domain of L2 comprises V133E mutation.

85. The multispecific antigen-binding protein of claim 84, futher comprising in the VH domain of
H1 Q39K mutation, in the VL domain of L1 Q38E mutation, in the VH domain of H2 Q39E mutation
and in the VL domain of L2 Q38K mutation.

86. The multispecific antigen binding protein of any one of claims 50-59 and 64-78, wherein the
CH1 domain of H2 comprises an amino acid substitution at EU position S183, and wherein the CL

domain of L2 comprises an amino acid substitution at EU position V133.

87. The multispecific antigen binding protein of claim 85, wherein the interaction between the amino
acid substitution at EU position S183 on the CHI domain of H2 and the amino acid substitution at EU

position V133 on the CL domain of L2 is via electrostatic interaction.
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88. The multispecific antigen binding protein of claim 87, wherein the amino acid at EU position
S183 on the CH1 domain of H2 is replaced with a positively charged residue, and wherein the amino acid

at EU position V133 on the CL domain of L2 is replaced with a negatively charged residue.

89. The multispecific antigen binding protein of claim 87, wherein the amino acid at EU position
S183 on the CH1 domain of H2 is replaced with a negatively charged residue, and wherein the amino

acid at EU position V133 on the CL domain of L2 is replaced with a positively charged residue.

90. The multispecific antigen binding protein of any one of claims 86-89, wherein the CH1 domain
of H2 comprises an amino acid substitution at a position selected from the group consisting of EU
position S183A, S183T, S183V, S183Y, S183F, S183H, S183N, S183D, S183E, S183R, and S183K, and
wherein the CL domain of L2 comprises an amino acid substitution at a position selected from the group

consisting of EU position V133E, V133S, VI33L, V133W, V133K, V133R, and V133D.

91. The multispecific antigen binding protein of claim 90, wherein:

(a) the CHI domain of H2comprises the EU position S183D mutation, and wherein the CL.
domain of L2 comprises the EU position V133K mutation;

(b) the CH1 domain of H2 comprises the EU position S183E mutation, and wherein the CL
domain of L1 comprises the EU position V133K mutation;

() the CHI domain of H2 comprises the EU position S183A mutation, and wherein the CL
domain of L2 comprises the EU position V133E mutation;

(d) the CH1 domain of H2 comprises the EU position S183A mutation, and wherein the CL
domain of L2 comprises the EU position V133S mutation;

(e) the CHI domain of H2 comprises the EU position S183A mutation, and wherein the CL
domain of L2 comprises the EU position V133L mutation;

® the CH1 domain of H2 comprises the EU position S183A mutation, and wherein the CL
domain of L2 comprises the EU position V133W mutation;

(2) the CH1 domain of H2 comprises the EU position S183A mutation, and wherein the CL
domain of L2 comprises the EU position V133K mutation;

(h) the CH1 domain of H2 comprises the EU position S183A mutation, and wherein the CL
domain of L2 comprises the EU position V133R mutation;

(1) the CHI domain of H2 comprises the EU position S183A mutation, and wherein the CL
domain of L2 comprises the EU position V133D mutation;

o the CH1 domain of H2 comprises the EU position S183T mutation, and wherein the CL
domain of L2 comprises the EU position V133E mutation;

(k) the CH1 domain of H2 comprises the EU position S183T mutation, and wherein the CL
domain of L2 comprises the EU position V133S mutation;
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1) the CHI domain of H2 comprises the EU position S183T mutation, and wherein the CL
domain of L2 comprises the EU position V133L mutation;

(m) the CHI domain of H2comprises the EU position S183T mutation, and wherein the CL
domain of L2 comprises the EU position V133W mutation;

(n) the CH1 domain of H2 comprises the EU position S183T mutation, and wherein the CL
domain of L2 comprises the EU position V133K mutation;

(o) the CH1 domain of H2 comprises the EU position S183T mutation, and wherein the CL
domain of L2 comprises the EU position V133R mutation;

() the CH1 domain of H2 comprises the EU position S183T mutation, and wherein the CL
domain of L2 comprises the EU position V133D mutation;

() the CH1 domain of H2 comprises the EU position S183V mutation, and wherein the CL
domain of L2 comprises the EU position V133E mutation;

(r) the CH1 domain of H2 comprises the EU position S183V mutation, and wherein the CL
domain of L2 comprises the EU position V133S mutation;

(s) the CH1 domain of H2 comprises the EU position S183V mutation, and wherein the CL
domain of L2 comprises the EU position V133L mutation;

(t) the CHI domain of H2 comprises the EU position S183V mutation, and wherein the CL
domain of L2 comprises the EU position V133W mutation;

(u) the CH1 domain of H2 comprises the EU position S183V mutation, and wherein the CL
domain of L2 comprises the EU position V133K mutation;

v) the CH1 domain of H2 comprises the EU position S183V mutation, and wherein the CL
domain of L2 comprises the EU position V133R mutation;

(w) the CH1 domain of H2 comprises the EU position S183V mutation, and wherein the CL
domain of L2 comprises the EU position V133D mutation;

x) the CH1 domain of H2 comprises the EU position S183Y mutation, and wherein the CL
domain of L2 comprises the EU position V133E mutation;

) the CH1 domain of H2 comprises the EU position S183Y mutation, and wherein the CL
domain of L2 comprises the EU position V133S mutation;

(2) the CHI domain of H2 comprises the EU position S183Y mutation, and wherein the CL
domain of L2 comprises the EU position V133L mutation;

(aa)  the CH1 domain of H2 comprises the EU position S183Y mutation, and wherein the CL.
of L2 domain comprises the EU position V133W mutation;

(bb)  the CH1 domain of H2 comprises the EU position S183Y mutation, and wherein the CL.
of L2 domain comprises the EU position V133K mutation;

(cc)  the CHI domain of H2 comprises the EU position S183Y mutation, and wherein the CL.
domain of L2 comprises the EU position V133R mutation;
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(dd)  the CH1 domain of H2 comprises the EU position S183Y mutation, and wherein the CL.
domain of L2 comprises the EU position V133D mutation;

(ee)  the CHI domain of H2 comprises the EU position S183F mutation, and wherein the CL.
domain of L2 comprises the EU position V133E mutation;

(ff) the CH1 domain of H2 comprises the EU position S183F mutation, and wherein the CL.
domain of L2 comprises the EU position V133S mutation;

(gg) the CHI domain of H2 comprises the EU position S183F mutation, and wherein the CL
domain of L2 comprises the EU position V133L mutation;

(hh)  the CH1 domain of H2 comprises the EU position S183F mutation, and wherein the CL
domain of L2 comprises the EU position V133W mutation;

(i1) the CHI domain of H2 comprises the EU position S183F mutation, and wherein the CL.
domain of L2 comprises the EU position V133K mutation;

an the CHI domain of H2 comprises the EU position S183F mutation, and wherein the CL.
domain of L2 comprises the EU position V133R mutation;

(kk)  the CH1 domain of H2 comprises the EU position S183F mutation, and wherein the CL.
of L2 domain comprises the EU position V133D mutation;

1 the CHI domain of H2 comprises the EU position S183H mutation, and wherein the CL
domain of L2 comprises the EU position V133S mutation;

(mm) the CHI1 domain of H2 comprises the EU position S183H mutation, and wherein the CL.
domain of L2 comprises the EU position V133L mutation;

(nn)  the CH1 domain of H2 comprises the EU position S183H mutation, and wherein the CL.
domain of L2 comprises the EU position V133W mutation;

(0o)  the CH1 domain of H2 comprises the EU position S183N mutation, and wherein the CL.
domain of L2 comprises the EU position V133L mutation;

(pp)  the CHI domain of H2 comprises the EU position S183E mutation, and wherein the CL
domain of L2 comprises the EU position V133L mutation; or

(qq)  the CH1 domain of H2 comprises the S183K mutation, and wherein the CL domain of
L2 comprises the V133E mutation..

92. The multispecific antigen binding protein of claim 91, wherein the CHI domain of H2 comprises
the

(a) the CHI domain of H2 comprises the EU postion S183D mutation, and wherein the CL
domain of L2 comprises the EU position V133K mutation;

(b) the CH1 domain of H2 comprises the EU postion S183E mutation, and wherein the CL
domain of L2 comprises the EU postion V133K mutation;

() the CHI domain of H2 comprises the EU postion S183T mutation, and wherein the CL
domain of L2 comprises the EU postion V133K mutation;

248



WO 2016/172485 PCT/US2016/028850

(d) the CH1 domain of H2 comprises the EU postion S183V mutation, and wherein the CL
domain of L2comprises the EU postion V133E mutation;

(e) the CH1 domain of H2 comprises the EU postion S183K mutation, and wherein the CL.
domain of L2 comprises the EU postion V133E mutation.

93. The multispecific antigen binding protein of any one of claims50-59 and 64-78 wherein the CH1

domain of H2 and the CL domain of L2 do not comprise an amino acid substitution.

94, The multispecific antigen binding protein of any one of claims 50-59 and 64-93, wherein the VH
domain of HI comprises an amino acid substitution at Kabat position Q39, and wherein the VL domain

of V1 comprises an amino acid substitution at Kabat position Q38.

95. The multispecific antigen binding protein of claim 94, wherein the amino acid at Kabat position
Q39 on the VH domain of H1 is replaced with a positively charged residue, and wherein the amino acid

at Kabat position Q38 on the VL. domain of L1 is replaced with a negatively charged residue.

96. The multispecific antigen binding protein of claim 94, wherein the amino acid at Kabat position
Q39 on the VH domain of H1 is replaced with a negatively charged residue, and wherein the amino acid

at Kabat position Q38 on the VL. domain of L1 is replaced with a positively charged residue.

97. The multispecific antigen binding protein of any one of claims 94-96, wherein the positively

charged residue is selected from the group consisting of R and K.

938. The multispecific antigen binding protein of any one of claims 94-97, wherein the negatively

charged residue is selected from the group consisting of D and E.

99. The multispecific antigen binding protein of any one of claims 50-59 and 64-93, wherein the VH
domain of HI comprises a Kabat position Q39E substitution mutation, wherein the VL. domain of L1

comprises a Kabat position Q38K substitution.

100.  The multispecific antigen binding protein of any one of claims 50-59 and 64-93, wherein the VH
domain of HI comprises a Kabat position Q39E substitution mutation, wherein the VL. domain of L1
comprises a Kabat position Q38K substitution, and wherein the VH domain of H2 comprises a Kabat

position Q39K substitution mutation.

101.  The multispecific antigen binding protein of any one of claims 50-59 and 64-93, wherein the VH
domain of HI comprises a Kabat position Q39E substitution mutation, wherein the VL. domain of L1
comprises a Kabat position Q38K substitution, wherein the VH domain of H2 comprises a Kabat position
Q39K substitution mutation, and wherein the VL domain of L2 comprises a Kabat position Q38E

substitution mutation.
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102.  The multispecific antigen binding protein of any one of claims 50-59 and 64-93, wherein the VH
domain of HI comprises a Kabat position Q39K substitution mutation, wherein the VL. domain of L1

comprises a Kabat position Q38E substitution.

103.  The multispecific antigen binding protein of any one of claims 50-59 and 64-93, wherein the VH
domain of HI comprises a Kabat position Q39K substitution mutation, wherein the VL. domain of L1
comprises a Kabat position Q38E substitution, and wherein the VH domain of H2 comprises a Kabat

position Q39E substitution mutation.

104.  The multispecific antigen binding protein of any one of claims 50-59 and 64-93, wherein the VH
domain of HI comprises a Kabat position Q39K substitution mutation, wherein the VL. domain of L1
comprises a Kabat position Q38E substitution, wherein the VH domain of H2 comprises a Kabat position
QQ39E substitution mutation, and wherein the VL domain of L2 comprises a Kabat position Q38K

substitution mutation.

105.  The multispecific antigen binding protein of any one of claims 50-103, wherein each of H1

comprises an F¢ region comprising a CH2 and a CH3 domain.

106.  The multispecific antigen binding protein of any one of claims 50-105, wherein the Fc region of

H1 and/or H2 is human IgG1, human IgG2 or human IgG4 Fc.

107. The multispecific antigen binding protein of claim 50-103, wherein the Fc region of H1 and/or H2

is mouse IgG1, mouse IgG2 or mouse IgG4 Fe.

108.  The multispecific antigen binding protein of claim 106 or 107 wherein the CH3 domains of H1
and H2 each meet at an interface, and wherein each of the CH3 domains comprises an amino acid

substitution such that the Fc region of H1 preferentially pairs with that of H2 as compared to HI.

109.  The multispecific antigen binding protein of claim 108, wherein the amino acid substitutions in

the CH3 domains result in greater electrostatic complementarity.

110.  The multispecific antigen binding protein of claim 108, wherein the amino acid substitutions in

the CH3 domains result in greater steric complementarity.

111.  The multispecific antigen binding protein of claim 108,

wherein the CH3 domain of H1 is altered, so that within the CH3/CH3 interface, one or more
amino acid residues are replaced with one or more amino acid residues having a larger side chain
volume, thereby generating a protuberance on the surface of the CH3 domain of H1 that interacts with

the CH3 domain of H2 and
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wherein the CH3 domain of H2 is altered so that within the CH3/CH3 interface one or more
amino acid residues are replaced with amino acid residues having a smaller side chain volume, thereby

generating a cavity within on the surface of the CH3 domain of H2 that interacts with the CH3 domain
of HI.

112, The multispecific antigen binding protein of claim 108

wherein the CH3 domain of H2 is altered, so that within the CH3/CH3 interface, one or more
amino acid residues are replaced with one or more amino acid residues having a larger side chain volume,
thereby generating a protuberance on the surface of the CH3 domain of H2 that interacts with the CH3
domain of H1

and

wherein the CH3 domain of H1 is altered so that within the CH3/CH3 interface ,one or more
amino acid residues are replaced amino acid residues having a smaller side chain volume, thereby

generating a cavity on the surface of the CH3 domain of H1 that interacts with the CH3 domain of H2.

113 The multispecific antigen binding protein of claim 111 or 112, wherein the protuberance is a

knob mutation.

114.  The multispecific binding protein of claim 113, wherein theknob mutation comprises T366W
(EU numbering).

115.  The multispecific antigen binding protein of claim 111 or 112, wherein the cavity is a hole

mutation.

116.  The multispecific antigen binding protein of claim 115, wherein the hole mutation comprises at

least one, at least two or all three of T366S, L368A, and Y407V (EU numbering).

117. The multispecific antigen binding protein of any one of claims 1-116, wherein H1 preferentially

pairs with L1 as compared to L2, and wherein H2 preferentially pairs with L2 as compared to L1.

118.  The multispecific antigen binding protein of any one of claims 1-117, wherein the first antigen

and the second antigen are the same.

119.  The multispecific antigen binding protein of claim 1-118, wherein the first heavy chain/light
chain pair and the second heavy chain/light chain pair each bind to a different epitope on the same

antigen.

120.  The multispecific antigen binding protein of any one of claims 1-117, wherein the first antigen

and the second antigen are different.
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121. A pharmaceutical composition comprising the multispecific antigen binding protein of any one of

claims 1-120 and a pharmaceutically acceptable carrier.

122. A method of treating a disease in an individual, comprising administering to the individual an

effective amount of the pharmaceutical composition of claim 121.

123.  Isolated nucleic acids(s) encoding at least one polypeptide sequence of the multispecific antigen

binding protein of any one of claims 1-122.
124. A vector comprising the nucleic acid(s) of claim 123.
125.  An isolated host cell comprising the nucleic acid(s) of claim123 or the vector of claim 124.

126.  The host cell of claim 125, wherein the host cell is a prokaryotic host cell, and E. coli cell, a

cukaryotic host cell, a yeast cell, a mammalian cell, or a CHO cell.

127. A method of producing the multispecific antigen binding protein of any one of claims 1-120,
comprising:

(a) obtaining the H1, H2, L1, and L2 polypeptides;

(b) allowing H1 to pair preferentially with L1 as compared to L2, and H2 to pair preferentially

with L2 as compared to L1 so as to form the multispecific antigen binding protein.

128. A method of producing the multispecific antigen binding protein of any one of claims 1-120,
comprising:
(a) introducing a set of polynucleotides encoding H1, L1, H2, and L2 into a host cell; and

(b) culturing the host cell to produce the multispecific antigen binding protein.

129.  The method of claim 128, wherein the set of polynucleotides encoding H1, L1, H2, and L2 are

introduced into the host cell at a predetermined ratio.

130.  The method of claim 129, further comprising determining an optimal ratio of the polynucleotides

for introduction into the host cell.

131.  The method of any one of claims 127-130 wherein the multispecific antigen binding protein is

produced with a relative yield of 60% or higher.

132.  The method of any one of claims 127-131 wherein the multispecific antigen binding protein is
produced with a relative yield of at least about 70%, at least about 71%, at least about 71%, at least about
72%, at least about 73%, at least about 74% . at least about 75%, at least about 76%, at least about 77%,
at least about 78%, at least about 79%, at least about 80%, at lcast about 81%, at least about 82%, at least
about 83%, at least about 84%, at least about 85%, at least about 86%, at lcast about 87%, at lecast about
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88%, at lcast about 89%, at lecast about 90%, at lcast about 91%, at least about 92%, at least about 93%, at
least about 94%, at least about 95%, at least about 96%, at least about 97%, at least about 99%, or more
than about 99%.

133. A method of producing a multispecific antigen binding protein comprising culturing the host cell

of any one of claims 125-126 and producing the multispecific antigen binding protein.

134,  The method of any one of clams 127-133, further comprising recovering the multispecific

antigen binding protein.

135.  The multispecific antigen binding protein produced by the methods of any one of claims 127-
134,

136. A library comprising a plurality of polynucleotides encoding a plurality of multispecific antigen

binding proteins of any one of claims 1-120.

137. A method of screening for a multispecific antigen binding protein that binds to a first antigen and
a second antigen, comprising;
(a) obtaining a plurality of multispecific antigen binding proteins from the library of claim 123;
(b) assaying for binding of the plurality of multispecific antigen binding proteins to the first and
second antigen; and

(c) identifying the multispecific antigen binding protein that binds to the first and second antigen.

138. A computer readable medium for evaluating a multispecific antigen binding protein comprising
1) a first heavy chain/light chain pair binding to a first antigen which comprises a first heavy chain
sequence (H1) and a first light chain sequence (L1), and 2) a second heavy chain/light chain pair binding
to a second antigen which comprises a second heavy chain sequence (H2) and a second light chain
sequence (L2), wherein each H1 and H2 comprises a heavy chain variable domain (VH) and a heavy
chain constant domain (CH1), and each L1 and L2 comprises a light chain variable domain (VL) and a
light chain constant domain (CL); comprising:

a) a dataset comprising data representing amino acid substitutions in H1, L1, H2, and L2,
wherein at least one of the amino acid substitutions in the CH1 domain of H1 comprises an amino acid
substitution at EU position F170 or L128 and wherein the CL domain comprises an amino acid
substitution at EU position S176 or F118 and L135; and/or

b) a dataset comprising data representing amino acid substitutions in H1, L1, H2, and L2,
wherein at least one of the amino acid substitutions in the CH1 domain of H1 comprises an amino acid
substitution at EU position S183, and wherein the of CL domain of L1 comprises an amino acid

substitution at EU position V133; and

253



WO 2016/172485 PCT/US2016/028850

(b) computer executable code for determining the likelihood that H1 will preferentially pair with
L1 as compared to L2 and/or H2 will preferentially pair with L2 as compared to L1.

139.  The computer readable medium of claim 138, wherein the at least one of the amino acid
substitutions in the CH1 domain of H1 comprises an amino acid substitution at EU position F170 or L128

and V185.
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