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are designed to reflect the preimmune repertoire naturally created by the human immune system and are based on rational design
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RATIONALLY DESIGNED, SYNTHETIC ANTIBODY
LIBRARIES AND USES THEREFOR

RELATED APPLICATION
This application claims priority to U.S. provisional application serial number
60/993,785, filed on September 14, 2007, incorporated herein in its entirety by this

reference.

BACKGROUND OF THE INVENTION

Antibodies have profound relevance as research tools and in diagnostic and
therapeutic applications. However, the identification of useful antibodies is difficult and
once identified, antibodies often require considerable redesign or ‘humanization’ before
they are suitable for therapeutic applications.

Previous methods for identifying desirable antibodies have typically involved
phage display of representative antibodies, for example human libraries derived by
amplification of nucleic acids from B cells or tissues, or, alternatively, synthetic
libraries. However, these approaches have limitations. For example, most human
libraries known in the art contain only the antibody sequence diversity that can be
experimentally captured or cloned from the source (e.g., B cells). Accordingly, the
human library may completely lack or under-represent certain useful antibody
sequences. Synthetic or consensus libraries known in the art have other limitations, such
as the potential to encode non-naturally occurring (e.g., non-human) sequences that have
the potential to be immunogenic. Moreover, certain synthetic libraries of the art suffer
from at least one of two limitations: (1) the number of members that the library can
theoretically contain (i.e., theoretical diversity) may be greater than the number of
members that can actually be synthesized, and (2) the number of members actually
synthesized may be so great as to preclude screening of each member in a physical
realization of the library, thereby decreasing the probability that a library member with a
particular property may be isolated.

For example, a physical realization of a library (e.g., yeast display, phage
display, ribosomal display, etc.) capable of screening 10'* library members will only
sample about 10% of the sequences contained in a library with 10" members. Given a

median CDRH3 length of about 12.7 amino acids (Rock et al., J. Exp. Med., 1994,
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179:323-328), the number of theoretical sequence variants in CDRH3 alone is about
20'%7 or about 3.3 x 10'® variants. This number does not account for known variation
that occurs in CDRH1 and CDRH2, heavy chain framework regions, and pairing with
different light chains, each of which also exhibit variation in their respective CDRLI1,
CDRL2, and CDRL3. Finally, the antibodies isolated from these libraries are often not
amenable to rational affinity maturation techniques to improve the binding of the
candidate molecule.

Accordingly, a need exists for smaller (i.e., able to be synthesized and physically
realizable) antibody libraries with directed diversity that systematically represent
candidate antibodies that are non-immunogenic (i.e., more human) and have desired
properties (e.g., the ability to recognize a broad variety of antigens). However,
obtaining such libraries requires balancing the competing objectives of restricting the
sequence diversity represented in the library (to enable synthesis and physical
realization, potentially with oversampling, while limiting the introduction of non-human
sequences) while maintaining a level of diversity sufficient to recognize a broad variety
of antigens. Prior to the instant invention, it was known in the art that “[al]though
libraries containing heavy chain CDR3 length diversity have been reported, it is
impossible to synthesize DNA encoding both the sequence and the length diversity
found in natural heavy chain CDR3 repertoires” (Hoet ef al., Nat. Biotechnol., 2005, 23:
344, incorporated by reference in its entirety).

Therefore, it would be desirable to have antibody libraries which (a) can be
readily synthesized, (b) can be physically realized and, in certain cases, oversampled, (c)
contain sufficient diversity to recognize all antigens recognized by the preimmune
human repertoire (i.e., before negative selection), (d) are non-immunogenic in humans
(i.e., comprise sequences of human origin), and (¢) contain CDR length and sequence
diversity, and framework diversity, representative of naturally-occurring human
antibodies. Embodiments of the instant invention at least provide, for the first time,

antibody libraries that have these desirable features.

SUMMARY OF THE INVENTION
The present invention is relates to, at least, synthetic polynucleotide libraries,
methods of producing and using the libraries of the invention, kits and computer

readable forms including the libraries of the invention. In some embodiments, the
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libraries of the invention are designed to reflect the preimmune repertoire naturally
created by the human immune system and are based on rational design informed by
examination of publicly available databases of human antibody sequences. It will be
appreciated that certain non-limiting embodiments of the invention are described below.
As described throughout the specification, the invention encompasses many other

embodiments as well.

In certain embodiments, the invention comprises a library of synthetic
polynucleotides, wherein said polynucleotides encode at least 10° unique antibody

CDRH3 amino acid sequences comprising;:

(1) an N1 amino acid sequence of 0 to about 3 amino acids, wherein
cach amino acid of the N1 amino acid sequence is among the 12
most frequently occurring amino acids at the corresponding
position in N1 amino acid sequences of CDRH3 amino acid

sequences that are functionally expressed by human B cells;

(i1) a human CDRH3 DH amino acid sequence, N- and C-terminal
truncations thereof, or a sequence of at least about 80% identity to

any of them;

(iii))  an N2 amino acid sequence of 0 to about 3 amino acids, wherein
cach amino acid of the N2 amino acid sequence is among the 12
most frequently occurring amino acids at the corresponding
position in N2 amino acid sequences of CDRH3 amino acid

sequences that are functionally expressed by human B cells; and

(iv)  a human CDRH3 H3-JH amino acid sequence, N-terminal
truncations thereof, or a sequence of at least about 80% identity to

any of them.

In other embodiments, the invention comprises a library of synthetic
polynucleotides, wherein said polynucleotides encode at least about 10° unique antibody

CDRH3 amino acid sequences comprising;:

(1) an N1 amino acid sequence of 0 to about 3 amino acids, wherein:
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(ii)

(iii)

(iv)

(2)

(b)

(©)

PCT/US2008/076300

the most N-terminal N1 amino acid, if present, is selected
from a group consisting of R, G, P, L, S, A, V,K, ,Q, T
and D;

the second most N-terminal N1 amino acid, if present, is
selected from a group consisting of G, P, R, S, L, V, E, A,
D, I, T and K; and

the third most N-terminal N1 amino acid, if present, is
selected from the group consisting of G, R, P, S, L, A, V,
T,E, D, K and F;

a human CDRH3 DH amino acid sequence, N- and C-terminal

truncations thereof, or a sequence of at least about 80% identity to

any of them;

an N2 amino acid sequence of 0 to about 3 amino acids, wherein:

(2)

(b)

(©)

the most N-terminal N2 amino acid, if present, is selected
from a group consisting of G, P, R, L, S, A, T, V, E, D, F
and H;

the second most N-terminal N2 amino acid, if present, is
selected from a group consisting of G, P, R, S, T, L, A, V,
E,Y,D and K; and

the third most N-terminal N2 amino acid, if present, is
selected from the group consisting of G, P, S, R, L, A, T,
V,D,E, Wand Q; and

a human CDRH3 H3-JH amino acid sequence, N-terminal

truncations thereof, or a sequence of at least about 80% identity to

any of them.

In still other embodiments, the invention comprises a library of synthetic

polynucleotides, wherein said polynucleotides encode at least about 10° unique antibody

CDRH3 amino acid sequences that are at least about 80% identical to an amino acid

sequence represented by the following formula:

30

[X]-[N1]-[DH]-[N2]-[H3-JH], wherein:
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(ii)

(iii)

(iv)
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X is any amino acid residue or no amino acid residue;

N1 is an amino acid sequence selected from the group consisting
of G,P,R, A, S,L, T, V, GG, GP, GR, GA, GS, GL, GT, GV,
PG, RG, AG, SG, LG, TG, VG, PP, PR, PA, PS, PL, PT, PV, RP,
AP, SP, LP, TP, VP, GGG, GPG, GRG, GAG, GSG, GLG, GTG,
GVG, PGG, RGG, AGG, SGG, LGG, TGG, VGG, GGP, GGR,
GGA, GGS, GGL, GGT, GGV, D,E,F,H,, K, M, Q, W, Y, AR,
AS, AT, AY, DL, DT, EA, EK, FH, FS, HL, HW, IS, KV, LD,
LE, LR, LS, LT, NR, NT, QE, QL, QT, RA, RD, RE, RF, RH,
RL, RR, RS, RV, SA, SD, SE, SF, SI, SK, SL, SQ, SR, SS, ST,
SV, TA, TR, TS, TT, TW, VD, VS, WS, YS, AAE, AYH, DTL,
EKR, ISR, NTP, PKS, PRP, PTA, PTQ, REL, RPL, SAA, SAL,
SGL, SSE, TGL, WGT, and combinations thereof;

DH is an amino acid sequence selected from the group consisting
of all possible reading frames that do not include a stop codon
encoded by IGHD1-1, IGHD1-20, IGHD1-26, IGHD1-7, IGHD2-
15, IGHD2-2, IGHD2-21, IGHD2-8, IGHD3-10, IGHD3-16,
IGHD3-22, IGHD3-3, IGHD3-9, IGHD4-17, IGHD4-23, IGHDA4-
4, IGHD-4-11, IGHD5-12, IGHD5-24, IGHDS-5, IGHD-5-18,
IGHD®6-13, IGHD6-19, IGHD6-25, IGHD6-6, and IGHD7-27,

and N- and C-terminal truncations thereof;

N2 is an amino acid sequence selected from the group consisting
of G,P,R, A, S,L, T, V, GG, GP, GR, GA, GS, GL, GT, GV,
PG, RG, AG, SG, LG, TG, VG, PP, PR, PA, PS, PL, PT, PV, RP,
AP, SP, LP, TP, VP, GGG, GPG, GRG, GAG, GSG, GLG, GTG,
GVG, PGG, RGG, AGG, SGG, LGG, TGG, VGG, GGP, GGR,
GGA, GGS, GGL, GGT, GGV, D,E,F,H,, K, M, Q, W, Y, AR,
AS, AT, AY, DL, DT, EA, EK, FH, FS, HL, HW, IS, KV, LD,
LE, LR, LS, LT, NR, NT, QE, QL, QT, RA, RD, RE, RF, RH,
RL, RR, RS, RV, SA, SD, SE, SF, SI, SK, SL, SQ, SR, SS, ST,
SV, TA, TR, TS, TT, TW, VD, VS, WS, YS, AAE, AYH, DTL,
EKR, ISR, NTP, PKS, PRP, PTA, PTQ, REL, RPL, SAA, SAL,
SGL, SSE, TGL, WGT, and combinations thereof; and

-5-
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H3-JH is an amino acid sequence selected from the group
consisting of AEYFQH, EYFQH, YFQH, FQH, QH, H,
YWYFDL, WYFDL, YFDL, FDL, DL, L, AFDV, FDV, DV, V,
YFDY, FDY, DY, Y, NWFDS, WFDS, FDS, DS, S,
YYYYYGMDV,YYYYGMDV, YYYGMDV, YYGMDV,
YGMDYV, GMDYV, and MDYV, or a sequence of at least 80%
identity to any of them.

In still another embodiment, the invention comprises wherein said library

consists essentially of a plurality of polynucleotides encoding CDRH3 amino acid

sequences that are at least about 80% identical to an amino acid sequence represented by

the following formula:

(1)
(ii)

(iii)

[X]-[N1]-[DH]-[N2]-[H3-JH], wherein:
X is any amino acid residue or no amino acid residue;

N1 is an amino acid sequence selected from the group consisting
of G,P,R, A, S,L, T, V, GG, GP, GR, GA, GS, GL, GT, GV,
PG, RG, AG, SG, LG, TG, VG, PP, PR, PA, PS, PL, PT, PV, RP,
AP, SP, LP, TP, VP, GGG, GPG, GRG, GAG, GSG, GLG, GTG,
GVG, PGG, RGG, AGG, SGG, LGG, TGG, VGG, GGP, GGR,
GGA, GGS, GGL, GGT, GGV, D,E,F,H,, K, M, Q, W, Y, AR,
AS, AT, AY, DL, DT, EA, EK, FH, FS, HL, HW, IS, KV, LD,
LE, LR, LS, LT, NR, NT, QE, QL, QT, RA, RD, RE, RF, RH,
RL, RR, RS, RV, SA, SD, SE, SF, SI, SK, SL, SQ, SR, SS, ST,
SV, TA, TR, TS, TT, TW, VD, VS, WS, YS, AAE, AYH, DTL,
EKR, ISR, NTP, PKS, PRP, PTA, PTQ, REL, RPL, SAA, SAL,
SGL, SSE, TGL, WGT, and combinations thereof;

DH is an amino acid sequence selected from the group consisting
of all possible reading frames that do not include a stop codon
encoded by IGHD1-1, IGHD1-20, IGHD1-26, IGHD1-7, IGHD2-
15, IGHD2-2, IGHD2-21, IGHD2-8, IGHD3-10, IGHD3-16,
IGHD3-22, IGHD3-3, IGHD3-9, IGHD4-17, IGHD4-23, IGHDA4-
4, IGHD-4-11, IGHD5-12, IGHD5-24, IGHDS-5, IGHD-5-18,
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IGHD6-13, IGHD6-19, IGHD6-25, IGHD6-6, and IGHD7-27,

and N- and C-terminal truncations thereof;

N2 is an amino acid sequence selected from the group consisting
of G,P,R, A, S,L, T, V, GG, GP, GR, GA, GS, GL, GT, GV,
PG, RG, AG, SG, LG, TG, VG, PP, PR, PA, PS, PL, PT, PV, RP,
AP, SP, LP, TP, VP, GGG, GPG, GRG, GAG, GSG, GLG, GTG,
GVG, PGG, RGG, AGG, SGG, LGG, TGG, VGG, GGP, GGR,
GGA, GGS, GGL, GGT, GGV, D,E,F,H,, K, M, Q, W, Y, AR,
AS, AT, AY, DL, DT, EA, EK, FH, FS, HL, HW, IS, KV, LD,
LE, LR, LS, LT, NR, NT, QE, QL, QT, RA, RD, RE, RF, RH,
RL, RR, RS, RV, SA, SD, SE, SF, SI, SK, SL, SQ, SR, SS, ST,
SV, TA, TR, TS, TT, TW, VD, VS, WS, YS, AAE, AYH, DTL,
EKR, ISR, NTP, PKS, PRP, PTA, PTQ, REL, RPL, SAA, SAL,
SGL, SSE, TGL, WGT, and combinations thereof; and

H3-JH is an amino acid sequence selected from the group
consisting of AEYFQH, EYFQH, YFQH, FQH, QH, H,
YWYFDL, WYFDL, YFDL, FDL, DL, L, AFDV, FDV, DV, V,
YFDY, FDY, DY, Y, NWFDS, WFDS, FDS, DS, S,
YYYYYGMDV,YYYYGMDV, YYYGMDV, YYGMDV,
YGMDYV, GMDYV, and MDYV, or a sequence of at least 80%
identity to any of them.

In another embodiment, the invention comprises a library of synthetic

polynucleotides, wherein said polynucleotides encode one or more full length antibody

heavy chain sequences, and wherein the CDRH3 amino acid sequences of the heavy

chain comprise:

(1)

an N1 amino acid sequence of 0 to about 3 amino acids, wherein
cach amino acid of the N1 amino acid sequence is among the 12
most frequently occurring amino acids at the corresponding
position in N1 amino acid sequences of CDRH3 amino acid

sequences that are functionally expressed by human B cells;
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(i1) a human CDRH3 DH amino acid sequence, N- and C-terminal
truncations thereof, or a sequence of at least about 80% identity to

any of them;

(iii))  an N2 amino acid sequence of 0 to about 3 amino acids, wherein
cach amino acid of the N2 amino acid sequence is among the 12
most frequently occurring amino acids at the corresponding
position in N2 amino acid sequences of CDRH3 amino acid

sequences that are functionally expressed by human B cells; and

(iv)  a human CDRH3 H3-JH amino acid sequence, N-terminal
truncations thereof, or a sequence of at least about 80% identity to

any of them.

The following embodiments may be applied throughout the embodiments of the
instant invention. In one aspect, one or more CDRH3 amino acid sequences further
comprise an N-terminal tail residue. In still another aspect, the N-terminal tail residue is

selected from the group consisting of G, D, and E.

In yet another aspect, the N1 amino acid sequence is selected from the group
consisting of G, P, R, A, S, L, T, V, GG, GP, GR, GA, GS, GL, GT, GV, PG, RG, AG,
SG, LG, TG, VG, PP, PR, PA, PS, PL, PT, PV, RP, AP, SP, LP, TP, VP, GGG, GPG,
GRG, GAG, GSG, GLG, GTG, GVG, PGG, RGG, AGG, SGG, LGG, TGG, VGG,
GGP, GGR, GGA, GGS, GGL, GGT, GGV, D, E,F,H, I, K, M, Q, W, Y, AR, AS, AT,
AY, DL, DT, EA, EK, FH, FS, HL, HW, IS, KV, LD, LE, LR, LS, LT, NR, NT, QE,
QL, QT, RA, RD, RE, RF, RH, RL, RR, RS, RV, SA, SD, SE, SF, SI, SK, SL, SQ, SR,
SS, ST, SV, TA, TR, TS, TT, TW, VD, VS, WS, YS, AAE, AYH, DTL, EKR, ISR,
NTP, PKS, PRP, PTA, PTQ, REL, RPL, SAA, SAL, SGL, SSE, TGL, WGT, and
combinations thercof. In certain other aspects, the N1 amino acid sequence may be of

about 0 to about 5 amino acids.

In yet another aspect, the N2 amino acid sequence is selected from the group
consisting of G, P, R, A, S, L, T, V, GG, GP, GR, GA, GS, GL, GT, GV, PG, RG, AG,
SG, LG, TG, VG, PP, PR, PA, PS, PL, PT, PV, RP, AP, SP, LP, TP, VP, GGG, GPG,
GRG, GAG, GSG, GLG, GTG, GVG, PGG, RGG, AGG, SGG, LGG, TGG, VGG,
GGP, GGR, GGA, GGS, GGL, GGT, GGV, D, E,F,H, I, K, M, Q, W, Y, AR, AS, AT,
AY, DL, DT, EA, EK, FH, FS, HL, HW, IS, KV, LD, LE, LR, LS, LT, NR, NT, QE,

-8 -
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QL, QT, RA, RD, RE, RF, RH, RL, RR, RS, RV, SA, SD, SE, SF, SI, SK, SL, SQ, SR,
SS, ST, SV, TA, TR, TS, TT, TW, VD, VS, WS, YS, AAE, AYH, DTL, EKR, ISR,
NTP, PKS, PRP, PTA, PTQ, REL, RPL, SAA, SAL, SGL, SSE, TGL, WGT, and
combinations thereof. In certain other aspects, the N2 sequence may be of about 0 to

about 5 amino acids.

In yet another aspect, the H3-JH amino acid sequence is selected from the group
consisting of AEYFQH, EYFQH, YFQH, FQH, QH, H, YWYFDL, WYFDL, YFDL,
FDL, DL, L, AFDV, FDV, DV, V, YFDY, FDY, DY, Y, NWFDS, WFDS, FDS, DS, S,
YYYYYGMDV, YYYYGMDV, YYYGMDYV, YYGMDV, YGMDV, GMDYV, and
MDV.

In other embodiments, the invention comprises a library of synthetic
polynucleotides encoding a plurality of antibody CDRH3 amino acid sequences, wherein
the percent occurrence within the central loop of the CDRH3 amino acid sequences of at

least one of the following 1 —i+1 pairs in the library is within the ranges specified below:
Tyr-Tyr in an amount from about 2.5% to about 6.5%;
Ser-Gly in an amount from about 2.5% to about 4.5%;
Ser-Ser in an amount from about 2% to about 4%;
Gly-Ser in an amount from about 1.5% to about 4%;
Tyr-Ser in an amount from about 0.75% to about 2%;
Tyr-Gly in an amount from about 0.75% to about 2%; and
Ser-Tyr in an amount from about 0.75% to about 2%.

In still other embodiments, the invention comprises a library of synthetic
polynucleotides encoding a plurality of antibody CDRH3 amino acid sequences, wherein
the percent occurrence within the central loop of the CDRH3 amino acid sequences of at

least one of the following 1 — i+2 pairs in the library is within the ranges specified below:
Tyr-Tyr in an amount from about 2.5% to about 4.5%;
Gly-Tyr in an amount from about 2.5% to about 5.5%;
Ser-Tyr in an amount from about 2% to about 4%;

Tyr-Ser in an amount from about 1.75% to about 3.75%;
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Ser-Gly in an amount from about 2% to about 3.5%;
Ser-Ser in an amount from about 1.5% to about 3%;
Gly-Ser in an amount from about 1.5% to about 3%; and
Tyr-Gly in an amount from about 1% to about 2%.

5 In another embodiment, the invention comprises a library of synthetic
polynucleotides encoding a plurality of antibody CDRH3 amino acid sequences, wherein
the percent occurrence within the central loop of the CDRH3 amino acid sequences of at

least one of the following 1 — i+3 pairs in the library is within the ranges specified below:
Gly-Tyr in an amount from about 2.5% to about 6.5%;
10 Ser-Tyr in an amount from about 1% to about 5%;
Tyr-Ser in an amount from about 2% to about 4%;
Ser-Ser in an amount from about 1% to about 3%;
Gly-Ser in an amount from about 2% to about 5%; and
Tyr-Tyr in an amount from about 0.75% to about 2%.

15 In one aspect of the invention, at least 2, 3, 4, 5, 6, or 7 of the specified i —i+1
pairs in the library are within the specified ranges. In another aspect, the CDRH3 amino
acid sequences are human. In yet another aspect, the polynucleotides encode at least

about 10° unique CDRH3 amino acid sequences.

In other aspects of the invention, the polynucleotides further encode one or more

20  heavy chain chassis amino acid sequences that are N-terminal to the CDRH3 amino acid
sequences, and the one or more heavy chain chassis sequences are selected from the
group consisting of about Kabat amino acid 1 to about Kabat amino acid 94 encoded by
IGHV1-2,IGHV1-3, IGHV1-8, IGHV1-18, IGHV1-24, IGHV1-45, IGHV1-46,
IGHV1-58, IGHV1-69, IGHV2-5, IGHV2-26, IGHV2-70, IGHV3-7, IGHV3-9,

25 1IGHV3-11, IGHV3-13, IGHV3-15, IGHV3-20, IGHV3-21, IGHV3-23, IGHV3-30,
IGHV3-33, IGHV3-43, IGHV3-48, IGHV3-49, IGHV3-53, IGHV3-64, IGHV3-66,
IGHV3-72, IGHV3-73, IGHV3-74, IGHV4-4, IGHV4-28, IGHV4-31, IGHV4-34,
IGHV4-39, IGHV4-59, IGHV4-61, IGHV4-B, IGHVS5-51, IGHV6-1, and IGHV7-4-1,

or a sequence of at least about 80% identity to any of them.

-10 -
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In another aspect, the polynucleotides further encode one or more FRM4 amino
acid sequences that are C-terminal to the CDRH3 amino acid sequences, wherein the
one or more FRM4 amino acid sequences are selected from the group consisting of a
FRM4 amino acid sequence encoded by IGHJ1, IGHJ2, IGHIJ3, IGHJ4, IGHJS, and
IGHJ6, or a sequence of at least about 80% identity to any of them. In still another
aspect, the polynucleotides further encode one or more immunoglobulin heavy chain

constant region amino acid sequences that are C-terminal to the FRM4 sequence.

In yet another aspect, the CDRH3 amino acid sequences are expressed as part of
full-length heavy chains. In other aspects, the full-length heavy chains are selected from
the group consisting of an 1gG1, IgG2, IgG3, and 1gG4, or combinations thereof. In one
embodiment, the CDRH3 amino acid sequences are from about 2 to about 30, from
about 8 to about 19, or from about 10 to about 18 amino acid residues in length. In other
aspects, the synthetic polynucleotides of the library encode from about 10° to about 10",
from about 107 to about 10", from about 10° to about 10'%, from about 10° to about 10'%,

or from about 10'° to about 10'* unique CDRH3 amino acid sequences.

In certain embodiments, the invention comprises a library of synthetic
polynucleotides, wherein said polynucleotides encode a plurality of antibody VKCDR3
amino acid sequences comprising about 1 to about 10 of the amino acids found at Kabat
positions 89, 90, 91, 92, 93, 94, 95, 95A, 96, and 97, in selected VKCDR3 amino acid

sequences derived from a particular IGKV or IGKJ germline sequence.

In one aspect, the synthetic polynucleotides encode one or more of the amino
acid sequences listed in Table 33 or a sequence at least about 80% identical to any of

them.

In some embodiments, the invention comprises a library of synthetic
polynucleotides, wherein said polynucleotides encode a plurality of unique antibody
VKCDR3 amino acid sequences that are of at least about 80% identity to an amino acid

sequence represented by the following formula:
[VK_ Chassis]-[L3-VK]-[X]-[JK*], wherein:
(1) VK _Chassis is an amino acid sequence selected from the group
consisting of about Kabat amino acid 1 to about Kabat amino acid

88 encoded by IGKV1-05, IGKV1-06, IGKV1-08, IGKV1-09,
IGKVI1-12, IGKV1-13, IGKVI1-16, IGKV1-17, IGKV1-27,
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IGKV1-33, IGKV1-37, IGKV1-39, IGKV1D-16, IGKV1D-17,
IGKV1D-43, IGKV1D-8, IGKV2-24, IGKV2-28, IGKV2-29,
IGKV2-30, IGKV2-40, IGKV2D-26, IGKV2D-29, IGKV2D-30,
IGKV3-11, IGKV3-15, IGKV3-20, IGKV3D-07, IGKV3D-11,
IGKV3D-20, IGKV4-1, IGKV5-2, IGKV6-21, and IGKV6D-41,

or a sequence of at least about 80% identity to any of them;

L3-VK is the portion of the VKCDR3 encoded by the IGKV gene

segment; and
X 1s any amino acid residue; and

JK* is an amino acid sequence selected from the group consisting
of sequences encoded by IGJK1, IGJIK2, IGJIK3, IGJK4, and
IGJKS, wherein the first residue of each IGJK sequence is not

present.

In still other aspects, X may be selected from the group consisting of F, L, I, R,

W, Y, and P.

In certain embodiments, the invention comprises a library of synthetic

polynucleotides, wherein said polynucleotides encode a plurality of VACDR3 amino

acid sequences that are of at least about 80% identity to an amino acid sequence

represented by the following formula:

(1)

[VA_Chassis]-[L3-VA]-[JA], wherein:

VA _Chassis is an amino acid sequence selected from the group
consisting of about Kabat amino acid 1 to about Kabat amino acid
88 encoded by IGAV1-36, IGAV1-40, IGAV1-44, IGAV1-47,
IGAV1-51, IGAV10-54, IGAV2-11, IGAV2-14, IGAV2-18,
IGAV2-23, IGAV2-8, IGAV3-1, IGAV3-10, IGAV3-12, IGAV3-
16, IGAV3-19, IGAV3-21, IGAV3-25, IGAV3-27, IGAV3-9,
IGAV4-3, IGAV4-60, IGAV4-69, IGAVS5-39, IGAVS5-45, IGAV6-
57, 1GAV7-43, IGAVT7-46, IGAV8-61, IGAV9-49, and IGAV10-

54, or a sequence of at least about 80% identity to any of them,;
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(ii)

(1i1)
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L3-VA is the portion of the VACDR3 encoded by the IGLV

segment; and

JX is an amino acid sequence selected from the group consisting
of sequences encoded by IGAJ1-01, IGAJ2-01, IGAJ3-01, IGAJ3-
02, IGAJ6-01, IGAJ7-01, and IGAJ7-02, and wherein the first

residue of each IGJA sequence may or may not be deleted.

In further aspects, the invention comprises a library of synthetic polynucleotides,

wherein said polynucleotides encode a plurality of antibody proteins comprising:

(i)
(ii)

a CDRH3 amino acid sequence of claim 1; and

a VKCDR3 amino acid sequence comprising about 1 to about 10
of the amino acids found at Kabat positions 89, 90, 91, 92, 93, 94,
95, 95A, 96, and 97, in selected VKCDR3 sequences derived

from a particular IGKV or IGKJ germline sequence.

In still further aspects, the invention comprises a library of synthetic

polynucleotides, wherein said polynucleotides encode a plurality of antibody proteins

comprising:

(i)
(ii)

a CDRH3 amino acid sequence of claim 1; and

a VKCDR3 amino acid sequences of at least about 80% identity

to an amino acid sequence represented by the following formula:
[VK_ Chassis]-[L3-VK]-[X]-[JK*], wherein:

(a) VK _Chassis is an amino acid sequence selected from the
group consisting of about Kabat amino acid 1 to about
Kabat amino acid 88 encoded by IGKV1-05, IGKV1-06,
IGKV1-08, IGKV1-09, IGKV1-12, IGKV1-13, IGKV1-
16, IGKV1-17,1IGKV1-27, IGKV1-33, IGKV1-37,
IGKV1-39, IGKV1D-16, IGKVID-17, IGKV1D-43,
IGKV1D-8, IGKV2-24, IGKV2-28, IGKV2-29, IGKV2-
30, IGKV2-40, IGKV2D-26, IGKV2D-29, IGKV2D-30,
IGKV3-11, IGKV3-15, IGKV3-20, IGKV3D-07,
IGKV3D-11, IGKV3D-20, IGKV4-1, IGKVS5-2, IGKV6-
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21, and IGKV6D-41, or a sequence of at least about 80%
identity to any of them;

(b) L3-VK is the portion of the VKCDR3 encoded by the
IGKYV gene segment; and

(©) X is any amino acid residue; and

(d) JK* is an amino acid sequence selected from the group
consisting of sequences encoded by IGJIK1, IGJK2,
IGJK3, IGJK4, and IGJK 5, wherein the first residue of

cach IGJK sequence is not present.

In some aspects, the VKCDR3 amino acid sequence comprises one or more of
the sequences listed in Table 33 or a sequence at least about 80% identical to any of
them. In other aspects, the antibody proteins are expressed in a heterodimeric form. In
yet another aspect, the human antibody proteins are expressed as antibody fragments. In
still other aspects of the invention, the antibody fragments are selected from the group
consisting of Fab, Fab', F(ab'),, Fv fragments, diabodies, linear antibodies, and single-

chain antibodies.

In certain embodiments, the invention comprises an antibody isolated from the

polypeptide expression products of any library described herein.

In still other aspects, the polynucleotides further comprise a 5° polynucleotide

sequence and a 3’ polynucleotide sequence that facilitate homologous recombination.
In one embodiment, the polynucleotides further encode an alternative scaffold.

In another embodiment, the invention comprises a library of polypeptides

encoded by any of the synthetic polynucleotide libraries described herein.

In yet another embodiment, the invention comprises a library of vectors
comprising any of the polynucleotide libraries described herein. In certain other aspects,
the invention comprises a population of cells comprising the vectors of the instant

invention.

In one aspect, the doubling time of the population of cells is from about 1 to
about 3 hours, from about 3 to about 8 hours, from about 8 to about 16 hours, from about
16 to about 20 hours, or from 20 to about 30 hours. In yet another aspect, the cells are

yeast cells. In still another aspect, the yeast is Saccharomyces cerevisiae.
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In other embodiments, the invention comprises a library that has a theoretical
total diversity of N unique CDRH3 sequences, wherein N is about 10°to about 10'°; and
wherein the physical realization of the theoretical total CDRH3 diversity has a size of at
least about 3N, thereby providing a probability of at least about 95% that any individual
CDRH3 sequence contained within the theoretical total diversity of the library is present
in the actual library.

In certain embodiments, the invention comprises a library of synthetic
polynucleotides, wherein said polynucleotides encode a plurality of antibody VACDR3
amino acid sequences comprising about 1 to about 10 of the amino acids found at Kabat
positions 89, 90, 91, 92, 93, 94, 95, 95A, 95B, 95C, 96, and 97, in selected VACDR3

sequences encoded by a single germline sequence.

In some embodiments, the invention relates to a library of synthetic
polynucleotides encoding a plurality of antibody CDRH3 amino acid sequences, wherein
the library has a theoretical total diversity of about 10°to about 10" unique CDRH3

sequencces.

In still other embodiments, the invention relates to a method of preparing a
library of synthetic polynucleotides encoding a plurality of antibody VK amino acid

sequences, the method comprising:
(1) providing polynucleotide sequences encoding:

(a) one or more VK Chassis amino acid sequences selected from
the group consisting of about Kabat amino acid 1 to about Kabat amino acid 88 encoded
by IGKV1-05, IGKV1-06, IGKV1-08, IGKV1-09, IGKV1-12, IGKV1-13, IGKV1-16,
IGKV1-17, IGKV1-27, IGKV1-33, IGKV1-37, IGKV1-39, IGKV1D-16, IGKVID-17,
IGKV1D-43, IGKV1D-8, IGKV2-24, IGKV2-28, IGKV2-29, IGKV2-30, IGKV2-40,
IGKV2D-26, IGKV2D-29, IGKV2D-30, IGKV3-11, IGKV3-15, IGKV3-20, IGKV3D-
07, IGKV3D-11, IGKV3D-20, IGKV4-1, IGKV5-2, IGKV6-21, and IGKV6D-41, or a

sequence at least about 80% identical to any of them;

(b) one or more L3-VK amino acid sequences, wherein L3-VK the

portion of the VKCDR3 amino acid sequence encoded by the IGKV gene segment;

(©) one or more X residues, wherein X is any amino acid residue;

and
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(d) one or more JK* amino acid sequences, wherein JK* is an
amino acid sequence selected from the group consisting amino acid sequences encoded
by IGKJ1, IGKJ2, IGKJ3, IGKJ4, and IGKJ5, wherein the first amino acid residue of

each sequence is not present; and

(i1) assembling the polynucleotide sequences to produce a library of synthetic
polynucleotides encoding a plurality of human VK sequences represented by the

following formula:
[VK_ Chassis]-[L3-VK]-[X]-[JK*].

In some embodiments, the invention relates to a method of preparing a library of
synthetic polynucleotides encoding a plurality of antibody light chain CDR3 sequences,

the method comprising:

(1) determining the percent occurrence of each amino acid residue at each
position in selected light chain CDR3 amino acid sequences derived from a single

germline polynucleotide sequence;

(i)  designing synthetic polynucleotides encoding a plurality of human
antibody light chain CDR3 amino acid sequences, wherein the percent occurrence of any
amino acid at any position within the designed light chain CDR3 amino acid sequences
is within at least about 30% of the percent occurrence in the selected light chain CDR3
amino acid sequences derived from a single germline polynucleotide sequence, as

determined in (i); and
(iii)  synthesizing one or more polynucleotides that were designed in (ii).

In other embodiments, the invention relates to a method of preparing a library of
synthetic polynucleotides encoding a plurality of antibody VA amino acid sequences, the

method comprising:
(1) providing polynucleotide sequences encoding:

(a) one or more VA_Chassis amino acid sequences selected from
the group consisting of about Kabat residue 1 to about Kabat residue 88 encoded by
IGAV1-36, IGAV1-40, IGAV1-44, IGAV1-47, IGAV1-51, IGAV10-54, IGAV2-11,
IGAV2-14, IGAV2-18, IGAV2-23, IGAV2-8, IGAV3-1, IGAV3-10, IGAV3-12, IGAV3-16,
IGAV3-19, IGAV3-21, IGAV3-25, IGAV3-27, IGAV3-9, IGAV4-3, IGAV4-60, IGAV4-69,
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IGAV5-39, IGAVS5-45, IGAV6-57, IGAV7-43, IGAVT7-46, IGAV8-61, IGAV9-49, and
IGAV10-54, or a sequence at least about 80% identical to any of them;

(b) one ore more L3-VA sequences, wherein L3-VA is the portion of

the VACDR3 amino acid sequence encoded by the IGAV gene segment;

(©) one or more JA sequences, wherein JA is an amino acid sequence
selected from the group consisting of amino acid sequences encoded by IGAJ1-01,
IGAJ2-01, IGAJ3-01, IGA)3-02, IGAJ6-01, IGAJ7-01, and IGAJ7-02 wherein the first

amino acid residue of each sequence may or may not be present; and

(i)  assembling the polynucleotide sequences to produce a library of synthetic
polynucleotides encoding a plurality of human VA amino acid sequences represented by

the following formula:
[VA_Chassis]-[L3-VA]-[JA].

In certain embodiments, the amino acid sequences encoded by the

polynucleotides of the libraries of the invention are human.

The present invention is also directed to methods of preparing a synthetic
polynucleotide library comprising providing and assembling the polynucleotide

sequences of the instant invention.

In another aspect, the invention comprises a method of preparing the library of
synthetic polynucleotides encoding a plurality of antibody CDRH3 amino acid

sequences, the method comprising:
(1) providing polynucleotide sequences encoding:

(a) one or more N1 amino acid sequences of about 0 to about
3 amino acids, wherein each amino acid of the N1 amino
acid sequence is among the 12 most frequently occurring
amino acids at the corresponding position in N1 sequences
of CDRH3 amino acid sequences that are functionally

expressed by human B cells;

(b) one or more human CDRH3 DH amino acid sequences, N-
and C-terminal truncations thereof, or a sequence of at

least about 80% identity to any of them,;
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(©) one or more N2 amino acid sequences of about 0 to about
3 amino acids, wherein each amino acid of the N1 amino
acid sequence is among the 12 most frequently occurring
amino acids at the corresponding position in N2 amino
acid sequences of CDRH3 amino acid sequences that are

functionally expressed by human B cells; and

(d) one or more human CDRH3 H3-JH amino acid sequences,
N-terminal truncations thereof, or a sequence of at least

about 80% identity to any of them; and

(1))  assembling the polynucleotide sequences to produce a library of
synthetic polynucleotides encoding a plurality of human antibody
CDRH3 amino acid sequences represented by the following

formula:
[N1]-[DH]-[N2]-[H3-JH].

In one aspect, one or more of the polynucleotide sequences are synthesized via

split-pool synthesis.

In another aspect, the method of the invention further comprises the step of
recombining the assembled synthetic polynucleotides with a vector comprising a heavy

chain chassis and a heavy chain constant region, to form a full-length heavy chain.

In another aspect, the method of the invention further comprises the step of
providing a 5’ polynucleotide sequence and a 3’ polynucleotide sequence that facilitate
homologous recombination. In still another aspect, the method of the invention further
comprises the step of recombining the assembled synthetic polynucleotides with a vector
comprising a heavy chain chassis and a heavy chain constant region, to form a full-

length heavy chain.

In some embodiments, the step of recombining is performed in yeast. In certain

embodiments, the yeast is S. cerevisiae.

In certain other embodiments, the invention comprises a method of isolating one

or more host cells expressing one or more antibodies, the method comprising:

(1) expressing the human antibodies of any one of claims 40 and 46

in one or more host cells;
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(i1) contacting the host cells with one or more antigens; and

(i)  isolating one or more host cells having antibodies that bind to the

one or more antigens.

In another aspect, the method of the invention further comprises the step of
isolating one or more antibodies from the one or more host cells that present the
antibodies which recognize the one or more antigens. In yet another aspect, the method
of the invention further comprises the step of isolating one or more polynucleotide
sequences encoding one or more antibodies from the one or more host cells that present

the antibodies which recognize the one or more antigens.

In certain other embodiments, the invention comprises a kit comprising the
library of synthetic polynucleotides encoding a plurality of antibody CDRH3 amino acid

sequences, or any of the other sequences disclosed herein.

In still other aspects, the CDRH3 amino acid sequences encoded by the libraries
of synthetic polynucleotides described herein, or any of the other sequences disclosed

herein, are in computer readable form.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 depicts a schematic of recombination between a fragment (e.g., CDR3)
and a vector (e.g., comprising a chassis and constant region) for the construction of a
library.

Figure 2 depicts the length distribution of the N1 and N2 regions of rearranged
human antibody sequences compiled from Jackson ef al. (J. Immunol Methods, 2007,
324: 26, incorporated by reference in its entirety).

Figure 3 depicts the length distribution of the CDRL3 regions of rearranged
human kappa light chain sequences compiled from the NCBI database (Appendix A).

Figure 4 depicts the length distribution of the CDRL3 regions of rearranged
human lambda light chain sequences compiled from the NCBI database (Appendix B).

Figure 5 depicts a schematic representation of the 424 cloning vectors used in the
synthesis of the CDRH3 regions before and after ligation of the [DH]-[N2]-[JH]
segment.

Figure 6 depicts a schematic structure of a heavy chain vector, prior to

recombination with a CDRH3.
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Figure 7 depicts a schematic diagram of a CDRH3 integrated into a heavy chain
vector and the polynucleotide and polypeptide sequences of CDRH3.

Figure 8 depicts a schematic structure of a kappa light chain vector, prior to
recombination with a CDRL3.

Figure 9 depicts a schematic diagram of a CDRL3 integrated into a light chain
vector and the polynucleotide and polypeptide sequences of CDRL3.

Figure 10 depicts the length distribution of the CDRH3 domain (Kabat positions
95-102) from 96 colonies obtained by transformation with 10 of the 424 vectors
synthesized as described in Example 10 (observed), as compared to the expected (i.e.,
designed) distribution.

Figure 11 depicts the length distribution of the DH segment from 96 colonies
obtained by transformation with 10 of the 424 vectors synthesized as described in
Example 10 (observed), as compared to the expected (i.e., designed) distribution.

Figure 12 depicts the length distribution of the N2 segment from 96 colonies
obtained by transformation with 10 of the 424 vectors synthesized as described in
Example 10 (observed), as compared to the expected (i.e., designed) distribution.

Figure 13 depicts the length distribution of the H3-JH segment from 96 colonies
obtained by transformation with 10 of the 424 vectors synthesized as described in
Example 10 (observed), as compared to the expected (i.e., designed) distribution.

Figure 14 depicts the length distribution of the CDRH3 domains from 291
sequences prepared from yeast cells transformed according to the method outlined in
Example 10.4, namely the co-transformation of vectors containing heavy chain chassis
and constant regions with a CDRH3 insert (observed), as compared to the expected (i.e.,
designed) distribution.

Figure 15 depicts the length distribution of the [Tail]-[N1] region from the 291
sequences prepared from yeast cells transformed according to the protocol outlined in
Example 10.4 (observed), as compared to the expected (i.e., designed) distribution.

Figure 16 depicts the length distribution of the DH region from the 291
sequences prepared from yeast cells transformed according to the protocol outlined in
Example 10.4 (observed), as compared to the theoretical (i.e., designed) distribution.

Figure 17 depicts the length distribution of the N2 region from the 291 sequences
prepared from yeast cells transformed according to the protocol outlined in Example

10.4 (observed), as compared to the theoretical (i.e., designed) distribution.
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Figure 18 depicts the length distribution of the H3-JH region from the 291
sequences prepared from yeast cells transformed according to the protocol outlined in
Example 10.4 (observed), as compared to the theoretical (i.e., designed) distribution.

Figure 19 depicts the familial origin of the JH segments identified in the 291
sequences (observed), as compared to the theoretical (i.e., designed) familial origin.

Figure 20 depicts the representation of each of the 16 chassis of the library
(observed), as compared to the theoretical (i.e., designed) chassis representation. VH3-
23 is represented twice; once ending in CAR and once ending in CAK. These
representations were combined, as were the ten variants of VH3-33 with one variant of
VH3-30.

Figure 21 depicts a comparison of the CDRL3 length from 86 sequences selected
from the VKCDR3 library of Example 6.2 (observed) to human sequences (human) and
the designed sequences (designed).

Figure 22 depicts the representation of the light chain chassis amongst the 86
sequences selected from the library (observed), as compared to the theoretical (i.e.,
designed) chassis representation.

Figure 23 depicts the frequency of occurrence of different CDRH3 lengths in an
exemplary library of the invention, versus the preimmune repertoire of Lee ef al.
(Immunogenetics, 2006, 57: 917, incorporated by reference in its entirety).

Figure 24 depicts binding curves for 6 antibodies selected from a library of the
invention.

Figure 25 depicts binding curves for 10 antibodies selected from a library of the

invention binding to hen egg white lysozyme.

DETAILED DESCRIPTION OF THE INVENTION

The present invention is directed to, at least, synthetic polynucleotide libraries,
methods of producing and using the libraries of the invention, kits and computer
readable forms including the libraries of the invention. The libraries taught in this
application are described, at least in part, in terms of the components from which they
are assembled.

In certain embodiments, the instant invention provides antibody libraries
specifically designed based on the composition and CDR length distribution in the

naturally occurring human antibody repertoire. It is estimated that, even in the absence
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of antigenic stimulation, a human makes at least about 10 different antibody molecules.
The antigen-binding sites of many antibodies can cross-react with a variety of related but
different epitopes. In addition the human antibody repertoire is large enough to ensure
that there is an antigen-binding site to fit almost any potential epitope, albeit with low
affinity.

The mammalian immune system has evolved unique genetic mechanisms that
enable it to generate an almost unlimited number of different light and heavy chains in a
remarkably economical way, by combinatorially joining chromosomally separated gene
segments prior to transcription. Each type of immunoglobulin (Ig) chain (i.e., k light, A
light, and heavy) is synthesized by combinatorial assembly of DNA sequences selected
from two or more families of gene segments, to produce a single polypeptide chain.
Specifically, the heavy chains and light chains each consist of a variable region and a
constant (C) region. The variable regions of the heavy chains are encoded by DNA
sequences assembled from three families of gene segments: variable (IGHV), joining
(IGHJ) and diversity (IGHD). The variable regions of light chains are encoded by DNA
sequences assembled from two families of gene segments for each of the kappa and
lambda light chains: variable (IGLV) and joining (IGLJ). Each variable region (heavy
and light) is also recombined with a constant region, to produce a full-length
immunoglobulin chain.

While combinatorial assembly of the V, D and J gene segments make a
substantial contribution to antibody variable region diversity, further diversity is
introduced in vivo, at the pre-B cell stage, via imprecise joining of these gene segments
and the introduction of non-templated nucleotides at the junctions between the gene
segments.

After a B cell recognizes an antigen, it is induced to proliferate. During
proliferation, the B cell receptor locus undergoes an extremely high rate of somatic
mutation that is far greater than the normal rate of genomic mutation. The mutations
that occur are primarily localized to the Ig variable regions and comprise substitutions,
insertions and deletions. This somatic hypermutation enables the production of B cells
that express antibodies possessing enhanced affinity toward an antigen. Such antigen-
driven somatic hypermutation fine-tunes antibody responses to a given antigen.

Significant efforts have been made to create antibody libraries with extensive

diversity, and to mimic the natural process of affinity maturation of antibodies against
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various antigens, especially antigens associated with diseases such as autoimmune
diseases, cancer, and infectious discase. Antibody libraries comprising candidate
binding molecules that can be readily screened against targets are desirable. However,
the full promise of an antibody library, which is representative of the preimmune human
antibody repertoire, has remained elusive. In addition to the shortcomings enumerated
above, and throughout the application, synthetic libraries that are known in the art often
suffer from noise (i.e., very large libraries increase the presence of many sequences
which do not express well, and/or which misfold), while entirely human libraries that are
known in the art may be biased against certain antigen classes (e.g., self-antigens).
Moreover, the limitations of synthesis and physical realization techniques restrict the
functional diversity of antibody libraries of the art. The present invention provides, for
the first time, a fully synthetic antibody library that is representative of the human
preimmune antibody repertoire (e.g., in composition and length), and that can be readily
screened (i.e., it is physically realizable and, in some cases can be oversampled) using,
for example, high throughput methods, to obtain, for example, new therapeutics and/or
diagnostics

In particular, the synthetic antibody libraries of the instant invention have the
potential to recognize any antigen, including self-antigens of human origin. The ability
to recognize self-antigens is usually lost in an expressed human library, because self-
reactive antibodies are removed by the donor’s immune system via negative selection.
Another feature of the invention is that screening the antibody library using positive
clone selection, for example, by FACS (florescence activated cell sorter) bypasses the
standard and tedious methodology of generating a hybridoma library and supernatant
screening. Still further, the libraries, or sub-libraries thereof, can be screened multiple
times, to discover additional antibodies against other desired targets.

Before further description of the invention, certain terms are defined.

1. Definitions

Unless defined otherwise, all technical and scientific terms used herein have the
meaning commonly understood by one of ordinary skill in the art relevant to the
invention. The definitions below supplement those in the art and are directed to the

embodiments described in the current application.
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The term "antibody" is used herein in the broadest sense and specifically
encompasses at least monoclonal antibodies, polyclonal antibodies, multi-specific
antibodies (e.g., bispecific antibodies), chimeric antibodies, humanized antibodies,
human antibodies, and antibody fragments. An antibody is a protein comprising one or
more polypeptides substantially or partially encoded by immunoglobulin genes or
fragments of immunoglobulin genes. The recognized immunoglobulin genes include the
kappa, lambda, alpha, gamma, delta, epsilon and mu constant region genes, as well as
myriad immunoglobulin variable region genes.

"Antibody fragments" comprise a portion of an intact antibody, for example, one
or more portions of the antigen-binding region thereof. Examples of antibody fragments
include Fab, Fab', F(ab'),, and Fv fragments, diabodies, linear antibodies, single-chain
antibodies, and multi-specific antibodies formed from intact antibodies and antibody
fragments.

An "intact antibody" is one comprising full-length heavy- and light- chains and
an Fc region. An intact antibody is also referred to as a “full-length, heterodimeric”
antibody or immunoglobulin.

The term "variable" refers to the portions of the immunoglobulin domains that
exhibit variability in their sequence and that are involved in determining the specificity
and binding affinity of a particular antibody (i.e., the “variable domain(s)”). Variability
is not evenly distributed throughout the variable domains of antibodies; it is
concentrated in sub-domains of each of the heavy and light chain variable regions.
These sub-domains are called “hypervariable” regions or “complementarity determining
regions” (CDRs). The more conserved (i.e., non-hypervariable) portions of the variable
domains are called the “framework” regions (FRM). The variable domains of naturally
occurring heavy and light chains each comprise four FRM regions, largely adopting a p-
sheet configuration, connected by three hypervariable regions, which form loops
connecting, and in some cases forming part of, the f -sheet structure. The hypervariable
regions in each chain are held together in close proximity by the FRM and, with the
hypervariable regions from the other chain, contribute to the formation of the antigen-
binding site (see Kabat et al. Sequences of Proteins of Immunological Interest, 5th Ed.
Public Health Service, National Institutes of Health, Bethesda, Md., 1991, incorporated

by reference in its entirety). The constant domains are not directly involved in antigen
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binding, but exhibit various effector functions, such as, for example, antibody-
dependent, cell-mediated cytotoxicity and complement activation.

The “chassis” of the invention represent a portion of the antibody heavy chain
variable (IGHV) or light chain variable (IGLV) domains that are not part of CDRH3 or
CDRL3, respectively. The chassis of the invention is defined as the portion of the
variable region of an antibody beginning with the first amino acid of FRM1 and ending
with the last amino acid of FRM3. In the case of the heavy chain, the chassis includes
the amino acids including from about Kabat position 1 to about Kabat position 94. In
the case of the light chains (kappa and lambda), the chassis are defined as including
from about Kabat position 1 to about Kabat position 88. The chassis of the invention
may contain certain modifications relative to the corresponding germline variable
domain sequences presented herein or available in public databases. These
modifications may be engineered (e.g., to remove N-linked glycosylation sites) or
naturally occurring (e.g., to account for allelic variation). For example, it is known in
the art that the immunoglobulin gene repertoire is polymorphic (Wang et al., Immunol.
Cell. Biol., 2008, 86: 111; Collins et al., Immunogenetics, 2008, DOI 10.1007/s00251-
008-0325-z, published online, each incorporated by reference in its entirety); chassis,
CDRs (e.g., CDRH3) and constant regions representative of these allelic variants are
also encompassed by the invention. In some embodiments, the allelic variant(s) used in
a particular embodiment of the invention may be selected based on the allelic variation
present in different patient populations, for example, to identify antibodies that are non-
immunogenic in these patient populations. In certain embodiments, the immunogenicity
of an antibody of the invention may depend on allelic variation in the major
histocompatibility complex (MHC) genes of a patient population. Such allelic variation
may also be considered in the design of libraries of the invention. In certain
embodiments of the invention, the chassis and constant regions are contained on a
vector, and a CDR3 region is introduced between them via homologous recombination.

In some embodiments, one, two or three nucleotides may follow the heavy chain
chassis, forming either a partial (if one or two) or a complete (if three) codon. When a
full codon is present, these nucleotides encode an amino acid residue that is referred to
as the “tail,” and occupies position 95.

The “CDRH3 numbering system” used herein defines the first amino acid of

CDRHS3 as being at Kabat position 95 (the “tail,” when present) and the last amino acid
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of CDRH3 as position 102. The amino acids following the “tail” are called “N1” and,
when present, are assigned numbers 96, 96A, 96B, etc. The N1 segment is followed by
the “DH” segment, which is assigned numbers 97, 97A, 97B, 97C, etc. The DH
segment is followed by the “N2” segment, which, when present, is numbered 98, 98A,
98B, ctc. Finally, the most C-terminal amino acid residue of the set of the “H3-JH”
segment is designated as number 102. The residue directly before (N-terminal) it, when
present, is 101, and the one before (if present) is 100. For reasons of convenience, and
which will become apparent elsewhere, the rest of the H3-JH amino acids are numbered
in reverse order, beginning with 99 for the amino acid just N-terminal to 100, 99A for
the residue N-terminal to 99, and so forth for 99B, 99C, etc. Examples of certain

CDRH3 sequence residue numbers may therefore include the following:

13 Amino Acid CDR-H3 with N1 and N2
(95) (96) (96A) (97) (97A) (97B) (97C) (97D) (98) (99) (100) (101) (102)

10 Amino Acid CDR-H3 without NI and N2
(97) (97R) (97B) (S7C) (97D) (97E) (97F) (97G) (101) (102)

As used herein, the term “diversity” refers to a variety or a noticeable
heterogeneity. The term “sequence diversity” refers to a variety of sequences which are
collectively representative of several possibilities of sequences, for example, those found
in natural human antibodies. For example, heavy chain CDR3 (CDRH3) sequence
diversity may refer to a variety of possibilities of combining the known human DH and
H3-JH segments, including the N1 and N2 regions, to form heavy chain CDR3
sequences. The light chain CDR3 (CDRL3) sequence diversity may refer to a variety of
possibilities of combining the naturally occurring light chain variable region
contributing to CDRL3 (i.e., L3-VL) and joining (i.e., L3-JL) segments, to form light
chain CDR3 sequences. As used herein, H3-JH refers to the portion of the IGHJ gene
contributing to CDRH3. As used herein, L3-VL and L3-JL refer to the portions of the
IGLV and IGLJ genes (kappa or lambda) contributing to CDRL3, respectively.
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As used herein, the term “expression” includes any step involved in the
production of a polypeptide including, but not limited to, transcription, post-
transcriptional modification, translation, post-translational modification, and secretion.

As used herein, the term "host cell” is intended to refer to a cell into which a
polynucleotide of the invention. It should be understood that such terms refer not only
to the particular subject cell but to the progeny or potential progeny of such a cell.
Because certain modifications may occur in succeeding generations due to either
mutation or environmental influences, such progeny may not, in fact, be identical to the

parent cell, but are still included within the scope of the term as used herein.

The term “length diversity” refers to a variety in the length of a particular
nucleotide or amino acid sequence. For example, in naturally occurring human
antibodies, the heavy chain CDR3 sequence varies in length, for example, from about 3
amino acids to over about 35 amino acids, and the light chain CDR3 sequence varies in
length, for example, from about 5 to about 16 amino acids. Prior to the instant
invention, it was known in the art that it is possible to design antibody libraries
containing sequence diversity or length diversity (see, e.g., Hoet et al., Nat. Biotechnol.,
2005, 23: 344; Kretzschmar and von Ruden, Curr. Opin. Biotechnol., 2002 13: 598; and
Rauchenberger et al., J. Biol. Chem., 2003 278: 38194, each of which is incorporated by
reference in its entirety); however, the instant invention is directed to, at least, the design
of synthetic antibody libraries containing the sequence diversity and length diversity of
naturally occurring human sequences. In some cases, synthetic libraries containing
sequence and length diversity have been synthesized, however these libraries contain too
much theoretical diversity to synthesize the entire designed repertoire and/or too many
theoretical members to physically realize or oversample the entire library.

As used herein, a sequence designed with “directed diversity” has been
specifically designed to contain both sequence diversity and length diversity. Directed
diversity is not stochastic.

As used herein, “stochastic” describes a process of generating a randomly
determined sequence of amino acids, which is considered as a sample of one element
from a probability distribution.

The term “library of polynucleotides” refers to two or more polynucleotides

having a diversity as described herein, specifically designed according to the methods of
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the invention. The term “library of polypeptides” refers to two or more polypeptides
having a diversity as described herein, specifically designed according to the methods of
the invention. The term "library of synthetic polynucleotides” refers to a polynucleotide
library that includes synthetic polynucleotides. The term "library of vectors" refers
herein to a library of at least two different vectors. As used herein, the term “human
antibody libraries,” at least includes, a polynucleotide or polypeptide library which has
been designed to represent the sequence diversity and length diversity of naturally
occurring human antibodies.

As described throughout the specification, the term “library” is used herein in its
broadest sense, and also may include the sub-libraries that may or may not be combined
to produce libraries of the invention.

As used herein, the term “synthetic polynucleotide” refers to a molecule formed
through a chemical process, as opposed to molecules of natural origin, or molecules
derived via template-based amplification of molecules of natural origin (e.g.,
immunoglobulin chains cloned from populations of B cells via PCR amplification are
not “synthetic” used herein). In some instances, for example, when referring to libraries
of the invention that comprise multiple components (e.g., N1, DH, N2, and/or H3-JH),
the invention encompasses libraries in which at least one of the aforementioned
components is synthetic. By way of illustration, a library in which certain components
are synthetic, while other components are of natural origin or derived via template-based
amplification of molecules of natural origin, would be encompassed by the invention.

The term "split-pool synthesis" refers to a procedure in which the products of a
plurality of first reactions are combined (pooled) and then separated (split) before
participating in a plurality of second reactions. Example 9, describes the synthesis of
278 DH segments (products), each in a separate reaction. After synthesis, these 278
segments are combined (pooled) and then distributed (split) amongst 141 columns for
the synthesis of the N2 segments. This enables the pairing of each of the 278 DH
segments with each of the 141 N2 segments. As described elsewhere in the
specification, these numbers are non-limiting.

“Preimmune” antibody libraries have similar sequence diversities and length
diversities to naturally occurring human antibody sequences before these sequences have
undergone negative selection or somatic hypermutation. For example, the set of

sequences described in Lee ef al. (Immunogenetics, 2006, 57: 917, incorporated by
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reference in its entirety) is believed to represent sequences from the preimmune
repertoire. In certain embodiments of the invention, the sequences of the invention will
be similar to these sequences (e.g., in terms of composition and length). In certain
embodiments of the invention, such antibody libraries are designed to be small enough
to chemically synthesize and physically realize, but large enough to encode antibodies
with the potential to recognize any antigen. In one embodiment of the invention, an
antibody library comprises about 10 to about 10°° different antibodies and/or
polynucleotide sequences encoding the antibodies of the library. In some embodiments,
the libraries of the instant invention are designed to include 103, 104, 105, 106, 107, 108,
10%, 10", 10", 102, 10", 10", 10", 10", 10", 10", 10", or 10 different antibodies
and/or polynucleotide sequences encoding the antibodies. In certain embodiments, the
libraries of the invention may comprise or encode about 10° to about 10°, about 10° to
about 107, about 10 to about 10°, about 10° to about 10", about 10"" to about 10",
about 10" to about 10", about 10" to about 10", or about 10" to about 10*° different
antibodies. In certain embodiments of the invention, the diversity of the libraries may
be characterized as being greater than or less than one or more of the diversities
enumerated above, for example greater than about 103, 104, 105, 106, 107, 108, 109, 1010,
10", 10", 10", 10", 10", 10'°, 10'7, 10"%, 10", or 10 or less than about 10°, 10*, 10°,
10° 107, 10°, 10%, 10", 10", 10%, 10", 10", 10", 10, 10'7, 10"%, 10", or 10”. In
certain other embodiments of the invention, the probability of an antibody of interest
being present in a physical realization of a library with a size as enumerated above is at
least about 0.0001%, 0.001%, 0.01%, 0.1%, 1%, 5%, 10%, 20%, 30%, 40%, 50%., 60%,
70%, 80%, 85%, 90%, 95%, 99%, 99.5%, or 99.9% (see Library Sampling, in the
Detailed Description, for more information on the probability of a particular sequence
being present in a physical realization of a library). The antibody libraries of the
invention may also include antibodies directed to, for example, self (i.e., human)
antigens. The antibodies of the present invention may not be present in expressed
human libraries for reasons including because self-reactive antibodies are removed by
the donor’s immune system via negative selection. However, novel heavy/light chain
pairings may in some cases create self-reactive antibody specificity (Griffiths et al. US
Patent 5,885,793, incorporated by reference in its entirety). In certain embodiments of
the invention, the number of unique heavy chains in a library may be about 10, 50, 102,

150, 10°, 10%, 10°,10% 107, 10°%, 10°, 10'°, 10", 10", 10"%, 10", 10", 10'°, 10", 10'®,
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10", 10%, or more. In certain embodiments of the invention, the number of unique light
chains in a library may be about 5, 10, 25, 50, 10%, 150, 500, 10°, 10%, 10°,10°, 10, 10°,
10%, 10", 10", 10'%, 10", 10", 10", 10", 10", 10"%, 10", 10%°, or more.

As used herein, the term “human antibody CDRH3 libraries,” at least includes, a
polynucleotide or polypeptide library which has been designed to represent the sequence
diversity and length diversity of naturally occurring human antibodies. “Preimmune”
CDRHS3 libraries have similar sequence diversities and length diversities to naturally
occurring human antibody CDRH3 sequences before these sequences undergo negative
selection and somatic hypermutation. Known human CDRH3 sequences are represented
in various data sets, including Jackson et al., J. Immunol Methods, 2007, 324: 26;
Martin, Proteins, 1996, 25: 130; and Lee et al., Immunogenetics, 2006, 57: 917, each of
which is incorporated by reference in its entirety. In certain embodiments of the
invention, such CDRH3 libraries are designed to be small enough to chemically
synthesize and physically realize, but large enough to encode CDRH3s with the
potential to recognize any antigen. In one embodiment of the invention, an antibody
library includes about 10° to about 10" different CDRH3 sequences and/or
polynucleotide sequences encoding said CDRH3 sequences. In some embodiments, the
libraries of the instant invention are designed to about 10°, 10%, 10°, 10°, 107, 10°, 10°,
10", 10", 10", 10", 10", 10", or 10'°, different CDRH3 sequences and/or
polynucleotide sequences encoding said CDRH3 sequences. In some embodiments, the
libraries of the invention may include or encode about10’ to about 10°, about 10° to
about 10%, about 10° to about 10'°, about 10'° to about 10", about 10" to about 10", or
about 10" to about 10 different CDRH3 sequences. In certain embodiments of the
invention, the diversity of the libraries may be characterized as being greater than or less
than one or more of the diversities enumerated above, for example greater than about
10°, 10% 10°, 10° 107, 10°, 10°, 10", 10", 10", 10", 10'*, 10", or 10'° or less than
about 10%, 10, 10°, 10° 107, 10°, 10°, 10'°, 10", 10'%, 10", 10'%, 10", 0r 10" In
certain embodiments of the invention, the probability of a CDRH3 of interest being
present in a physical realization of a library with a size as enumerated above is at least
about 0.0001%, 0.001%, 0.01%, 0.1%, 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%, 10%,
15%., 20%, 25%, 30%, 40%, 50%, 60%, 70%, 80%, 85%, 90%, 95%, 99%, 99.5%, or
99.9% (see Library Sampling, in the Detailed Description, for more information on the

probability of a particular sequence being present in a physical realization of a library).
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The preimmune CDRH3 libraries of the invention may also include CDRH3s directed
to, for example, self (i.e., human) antigens. Such CDRH3s may not be present in
expressed human libraries, because self-reactive CDRH3s are removed by the donor’s
immune system via negative selection.

Libraries of the invention containing “VKCDR3” sequences and “VACDR3”
sequences refer to the kappa and lambda sub-sets of the CDRL3 sequences, respectively.
These libraries may be designed with directed diversity, to collectively represent the
length and sequence diversity of the human antibody CDRL3 repertoire. ‘“Preimmune”
versions of these libraries have similar sequence diversities and length diversities to
naturally occurring human antibody CDRL3 sequences before these sequences undergo
negative selection. Known human CDRL3 sequences are represented in various data
sets, including the NCBI database (see Appendix A and Appendix B for light chain
sequence data sets) and Martin, Proteins, 1996, 25: 130 incorporated by reference in its
entirety. In certain embodiments of the invention, such CDRL3 libraries are designed to
be small enough to chemically synthesize and physically realize, but large enough to
encode CDRL3s with the potential to recognize any antigen.

In one embodiment of the invention, an antibody library comprises about 10’
different CDRL3 sequences and/or polynucleotide sequences encoding said CDRL3
sequences. In some embodiments, the libraries of the instant invention are designed to
comprise about 10%, 10%, 107, 10%, 10°, 10, or 10® different CDRL3 sequences and/or
polynucleotide sequences encoding said CDRL3 sequences. In some embodiments, the
libraries of the invention may comprise or encode about 10" to about 10°, about 10° to
about 10°, or about 10° to about 10° different CDRL3 sequences. In certain
embodiments of the invention, the diversity of the libraries may be characterized as
being greater than or less than one or more of the diversities enumerated above, for
example greater than about 10, 10%, 10%, 10%, 10°, 10°, 10, or 10® or less than about 10",
102, 103, 104, 105, 106, 107, or 10®. In certain embodiments of the invention, the
probability of a CDRL3 of interest being present in a physical realization of a library
with a size as enumerated above is at least about 0.0001%, 0.001%, 0.01%, 0.1%, 1%,
5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 85%, 90%, 95%, 99%, 99.5%, or
99.9% (see Library Sampling, in the Detailed Description, for more information on the
probability of a particular sequence being present in a physical realization of a library).

The preimmune CDRL3 libraries of the invention may also include CDRL3s directed to,
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for example, self (i.e., human) antigens. Such CDRL3s may not be present in expressed
human libraries, because self-reactive CDRL3s are removed by the donor’s immune
system via negative selection.

As used herein, the term “known heavy chain CDR3 sequences” refers to heavy
chain CDR3 sequences in the public domain that have been cloned from populations of
human B cells. Examples of such sequences are those published or derived from public
data sets, including, for example, Zemlin et al., IMB, 2003, 334: 733; Lee et al.,
Immunogenetics, 2006, 57: 917; and Jackson ef al. J. Immunol Methods, 2007, 324: 26,
cach of which are incorporated by reference in their entirety.

As used herein, the term “known light chain CDR3 sequences” refers to light
chain CDR3 sequences (e.g., kappa or lambda) in the public domain that have been
cloned from populations of human B cells. Examples of such sequences are those
published or derived from public data sets, including, for example, the NCBI database
(see Appendices A and B filed herewith).

As used herein the term “antibody binding regions” refers to one or more
portions of an immunoglobulin or antibody variable region capable of binding an
antigen(s). Typically, the antibody binding region is, for example, an antibody light
chain (or variable region or one or more CDRs thereof), an antibody heavy chain (or
variable region or one or more CDRs thereof), a heavy chain Fd region, a combined
antibody light and heavy chain (or variable regions thereof) such as a Fab, F(ab’),,
single domain, or single chain antibodies (scFv), or any region of a full length antibody
that recognizes an antigen, for example, an IgG (e.g., an IgG1, IgG2, 1gG3, or IgG4
subtype), IgAl, IgA2, IgD, IgE, or IgM antibody.

The term “framework region” refers to the art-recognized portions of an antibody
variable region that exist between the more divergent (i.e., hypervariable) CDRs. Such
framework regions are typically referred to as frameworks 1 through 4 (FRM1, FRM2,
FRM3, and FRM4) and provide a scaffold for the presentation of the six CDRs (three
from the heavy chain and three from the light chain) in three dimensional space, to form
an antigen-binding surface.

The term “canonical structure” refers to the main chain conformation that is
adopted by the antigen binding (CDR) loops. From comparative structural studies, it
has been found that five of the six antigen binding loops have only a limited repertoire

of available conformations. Each canonical structure can be characterized by the torsion
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angles of the polypeptide backbone. Correspondent loops between antibodies may,
therefore, have very similar three dimensional structures, despite high amino acid
sequence variability in most parts of the loops (Chothia and Lesk, J. Mol. Biol., 1987,
196: 901; Chothia et al., Nature, 1989, 342: 877; Martin and Thornton, J. Mol. Biol.,
1996, 263: 800, each of which is incorporated by reference in its entirety). Furthermore,
there is a relationship between the adopted loop structure and the amino acid sequences
surrounding it. The conformation of a particular canonical class is determined by the
length of the loop and the amino acid residues residing at key positions within the loop,
as well as within the conserved framework (i.e., outside of the loop). Assignment to a
particular canonical class can therefore be made based on the presence of these key
amino acid residues. The term “canonical structure” may also include considerations as
to the linear sequence of the antibody, for example, as catalogued by Kabat (Kabat et al.,
in “Sequences of Proteins of Immunological Interest,” 5™ Edition, U.S. Department of
Heath and Human Services, 1992). The Kabat numbering scheme is a widely adopted
standard for numbering the amino acid residues of an antibody variable domain in a
consistent manner. Additional structural considerations can also be used to determine
the canonical structure of an antibody. For example, those differences not fully reflected
by Kabat numbering can be described by the numbering system of Chothia ef al. and/or
revealed by other techniques, for example, crystallography and two or three-dimensional
computational modeling. Accordingly, a given antibody sequence may be placed into a
canonical class which allows for, among other things, identifying appropriate chassis
sequences (e.g., based on a desire to include a variety of canonical structures in a
library). Kabat numbering of antibody amino acid sequences and structural
considerations as described by Chothia ef al., and their implications for construing
canonical aspects of antibody structure, are described in the literature.

The terms “CDR?”, and its plural “CDRs”, refer to a complementarity
determining region (CDR) of which three make up the binding character of a light chain
variable region (CDRL1, CDRL2 and CDRL3) and three make up the binding character
of a heavy chain variable region (CDRHI1, CDRH2 and CDRH3). CDRs contribute to
the functional activity of an antibody molecule and are separated by amino acid
sequences that comprise scaffolding or framework regions. The exact definitional CDR
boundaries and lengths are subject to different classification and numbering systems.

CDRs may therefore be referred to by Kabat, Chothia, contact or any other boundary
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definitions, including the numbering system described herein. Despite differing
boundaries, each of these systems has some degree of overlap in what constitutes the so
called "hypervariable regions" within the variable sequences. CDR definitions
according to these systems may therefore differ in length and boundary areas with
respect to the adjacent framework region. See for example Kabat, Chothia, and/or
MacCallum et al., (Kabat et al., in “Sequences of Proteins of Immunological Interest,”
5t Edition, U.S. Department of Health and Human Services, 1992; Chothia et al., J.
Mol. Biol., 1987, 196: 901; and MacCallum et /., J. Mol. Biol., 1996, 262: 732, each of
which is incorporated by reference in its entirety).

The term “amino acid” or “amino acid residue” typically refers to an amino acid
having its art recognized definition such as an amino acid selected from the group
consisting of: alanine (Ala or A); arginine (Arg or R); asparagine (Asn or N); aspartic
acid (Asp or D); cysteine (Cys or C); glutamine (Gln or Q); glutamic acid (Glu or E);
glycine (Gly or G); histidine (His or H); isoleucine (Ile or I): leucine (Leu or L); lysine
(Lys or K); methionine (Met or M); phenylalanine (Phe or F); proline (Pro or P); serine
(Ser or S); threonine (Thr or T); tryptophan (Trp or W); tyrosine (Tyr or Y); and valine
(Val or V), although modified, synthetic, or rare amino acids may be used as desired.
Generally, amino acids can be grouped as having a nonpolar side chain (e.g., Ala, Cys,
Ile, Leu, Met, Phe, Pro, Val); a negatively charged side chain (e.g., Asp, Glu); a
positively charged sidechain (e.g., Arg, His, Lys); or an uncharged polar side chain (e.g.,
Asn, Cys, Gln, Gly, His, Met, Phe, Ser, Thr, Trp, and Tyr).

The term “polynucleotide(s)” refers to nucleic acids such as DNA molecules and
RNA molecules and analogs thereof (e.g., DNA or RNA generated using nucleotide
analogs or using nucleic acid chemistry). As desired, the polynucleotides may be made
synthetically, e.g., using art-recognized nucleic acid chemistry or enzymatically using,
e.g., a polymerase, and, if desired, be modified. Typical modifications include
methylation, biotinylation, and other art-known modifications. In addition, the nucleic
acid molecule can be single-stranded or double-stranded and, where desired, linked to a
detectable moiety.

The terms “theoretical diversity”, “theoretical total diversity”, or “theoretical
repertoire” refer to the maximum number of variants in a library design. For example,
given an amino acid sequence of three residues, where residues one and three may each

be any one of five amino acid types and residue two may be any one of 20 amino acid
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types, the theoretical diversity is 5x20x5=500 possible sequences. Similarly if sequence
X is constructed by combination of 4 amino acid segments, where segment 1 has 100
possible sequences, segment 2 has 75 possible sequences, segment 3 has 250 possible
sequences, and segment 4 has 30 possible sequences, the theoretical total diversity of
fragment X would be 100x75x200x30, or 5.6x10° possible sequences.

The term “physical realization” refers to a portion of the theoretical diversity that
can actually be physically sampled, for example, by any display methodology.
Exemplary display methodology include: phage display, ribosomal display, and yeast
display. For synthetic sequences, the size of the physical realization of a library depends
on (1) the fraction of the theoretical diversity that can actually be synthesized, and (2)
the limitations of the particular screening method. Exemplary limitations of screening
methods include the number of variants that can be screened in a particular assay (e.g.,
ribosome display, phage display, yeast display) and the transformation efficiency of a
host cell (e.g., yeast, mammalian cells, bacteria) which is used in a screening assay. For
the purposes of illustration, given a library with a theoretical diversity of 10'> members,
an exemplary physical realization of the library (e.g., in yeast, bacterial cells, ribosome
display, etc.; details provided below) that can maximally include 10" members will,
therefore, sample about 10% of the theoretical diversity of the library. However, if less
than 10"" members of the library with a theoretical diversity of 10" are synthesized, and
the physical realization of the library can maximally include 10'" members, less than
10% of the theoretical diversity of the library is sampled in the physical realization of
the library. Similarly, a physical realization of the library that can maximally include
more than 10'> members would "oversample" the theoretical diversity, meaning that
cach member may be present more than once (assuming that the entire 10'? theoretical
diversity is synthesized).

The term “all possible reading frames” encompasses at least the three forward
reading frames and, in some embodiments, the three reverse reading frames.

The term “antibody of interest” refers to any antibody that has a property of
interest that is isolated from a library of the invention. The property of interest may
include, but is not limited to, binding to a particular antigen or epitope, blocking a
binding interaction between two molecules, or eliciting a certain biological effect.

The term “functionally expressed” refers to those immunoglobulin genes that are

expressed by human B cells and that do not contain premature stop codons.
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The term “full-length heavy chain” refers to an immunoglobulin heavy chain that
contains each of the canonical structural domains of an immunoglobulin heavy chain,
including the four framework regions, the three CDRs, and the constant region. The term
“full-length light chain” refers to an immunoglobulin light chain that contains each of
the canonical structural domains of an immunoglobulin light chain, including the four
framework regions, the three CDRs, and the constant region.

The term “unique,” as used herein, refers to a sequence that is different (e.g. has
a different chemical structure) from every other sequence within the designed theoretical
diversity. It should be understood that there are likely to be more than one copy of many
unique sequences from the theoretical diversity in a particular physical realization. For
example, a library comprising three unique sequences may comprise nine total members
if each sequence occurs three times in the library. However, in certain embodiments,
cach unique sequence may occur only once.

The term “heterologous moiety” is used herein to indicate the addition of a
composition to an antibody wherein the composition is not normally part of the
antibody. Exemplary heterologous moieties include drugs, toxins, imaging agents, and
any other compositions which might provide an activity that is not inherent in the
antibody itself.

As used herein, the term “percent occurrence of each amino acid residue at each
position” refers to the percentage of instances in a sample in which an amino acid is
found at a defined position within a particular sequence. For example, given the
following three sequences:

KVR

KYP

KR P,
K occurs in position one in 100% of the instances and P occurs in position three in about
67% of the instances. In certain embodiments of the invention, the sequences selected
for comparison are human immunoglobulin sequences.

As used herein, the term “most frequently occurring amino acids‘ at a specified
position of a sequence in a population of polypeptides refers to the amino acid residues
that have the highest percent occurrence at the indicated position in the indicated
polypeptide population. For example, the most frequently occurring amino acids in each

of the three most N-terminal positions in N1 sequences of CDRH3 sequences that are
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functionally expressed by human B cells are listed in Table 21, and the most frequently
occurring amino acids in each of the three most N-terminal positions in N2 sequences of
CDRH3 sequences that are functionally expressed by human B cells are listed in Table
22.

For the purposes of analyzing the occurrence of certain duplets (Example 13) and
the information content (Example 14) of the libraries of the invention, and other
libraries, a “central loop” of CDRH3 is defined. If the C-terminal 5 amino acids from
Kabat CDRH3 (95-102) are removed, then the remaining sequence is termed the “central
loop”. Thus, considering the duplet occurrence calculations of Example 13, using a
CDRH3 of size 6 or less would not contribute to the analysis of the occurrence of
duplets. A CDRH3 of size 7 would contribute only to the i —i+1 data set, a CDRH3 of
size 8 would also contribute to the 1 — 112 data set, and a CDRH3 of size 9 and larger
would also contribute to the i —i+3 data set. For example, a CDR H3 of size 9 may have
amino acids at positions 95-96-97-98-99-100-100A-101-102, but only the first four
residues (bolded) would be part of the central loop and contribute to the pair-wise
occurrence (duplet) statistics. As a further example, a CDRH3 of size 14 may have the
sequence: 95-96-97-98-99-100-100A-100B-100C-100D-100E-100F-101-102. Here,
only the first nine residues (bolded) contribute to the central loop.

Library screening requires a genotype-phenotype linkage. The term "genotype-
phenotype linkage" is used in a manner consistent with its art-recognized meaning and
refers to the fact that the nucleic acid (genotype) encoding a protein with a particular
phenotype (e.g., binding an antigen) can be isolated from a library. For the purposes of
illustration, an antibody fragment expressed on the surface of a phage can be isolated
based on its binding to an antigen (e.g., Ladner et al.). The binding of the antibody to
the antigen simultanecously enables the isolation of the phage containing the nucleic acid
encoding the antibody fragment. Thus, the phenotype (antigen-binding characteristics of
the antibody fragment) has been "linked" to the genotype (nucleic acid encoding the
antibody fragment). Other methods of maintaining a genotype-phenotype linkage
include those of Wittrup et al. (US Patent Nos. 6,300,065, 6,331,391, 6,423,538,
6,696,251, 6,699,658, and US Pub. No. 20040146976, each of which is incorporated by
reference in its entirety), Miltenyi (US Patent No. 7,166,423, incorporated by reference
in its entirety), Fandl (US Patent No. 6,919,183, US Pub No. 20060234311, each
incorporated by reference in its entirety), Clausell-Tormos et al. (Chem. Biol., 2008, 15:
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427, incorporated by reference in its entirety), Love et al. (Nat. Biotechnol., 2006, 24:
703, incorporated by reference in its entirety), and Kelly et al. (Chem. Commun., 2007,
14: 1773, incorporated by reference in its entirety). Any method which localizes the
antibody protein with the gene encoding the antibody, in a way in which they can both

be recovered while the linkage between them is maintained, is suitable.

2. Design of the Libraries

The antibody libraries of the invention are designed to reflect certain aspects of
the preimmune repertoire as naturally created by the human immune system. Certain
libraries of the invention are based on rational design informed by the collection of
human V, D, and J genes, and other large databases of human heavy and light chain
sequences (e.g., publicly known germline sequences; sequences from Jackson et al., J.
Immunol Methods, 2007, 324: 26, incorporated by reference in its entirety; sequences
from Lee et al., Immunogenetics, 2006, 57: 917, incorporated by reference in its
entirety; and sequences compiled for rearranged VK and VA — see Appendices A and B
filed herewith). Additional information may be found, for example, in Scaviner et al.,
Exp. Clin. Immunogenet., 1999, 16: 234; Tomlinson et al., J. Mol. Biol., 1992, 227: 799;
and Matsuda ef al., J. Exp. Med., 1998, 188: 2151 each incorporated by reference in its
entirety. In certain embodiments of the invention, cassettes representing the possible V,
D, and J diversity found in the human repertoire, as well as junctional diversity (i.e., N1
and N2), are synthesized de novo as single or double-stranded DNA oligonucleotides. In
certain embodiments of the invention, oligonucleotide cassettes encoding CDR
sequences are introduced into yeast along with one or more acceptor vectors containing
heavy or light chain chassis sequences. No primer-based PCR amplification or
template-directed cloning steps from mammalian cDNA or mRNA are employed.
Through standard homologous recombination, the recipient yeast recombines the
cassettes (e.g., CDR3s) with the acceptor vector(s) containing the chassis sequence(s)
and constant regions, to create a properly ordered synthetic, full-length human heavy
chain and/or light chain immunoglobulin library that can be genetically propagated,
expressed, displayed, and screened. One of ordinary skill in the art will readily
recognize that the chassis contained in the acceptor vector can be designed so as to
produce constructs other than full-length human heavy chains and/or light chains. For

example, in certain embodiments of the invention, the chassis may be designed to
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encode portions of a polypeptide encoding an antibody fragment or subunit of an
antibody fragment, so that a sequence encoding an antibody fragment, or subunit
thereof, is produced when the oligonucleotide cassette containing the CDR is
recombined with the acceptor vector.

In certain embodiments, the invention provides a synthetic, preimmune human
antibody repertoire comprising about 107 to about 10* antibody members, wherein the
repertoire comprises:

(a) selected human antibody heavy chain chassis (i.e., amino acids 1 to 94 of the
heavy chain variable region, using Kabat’s definition),

(b) a CDRH3 repertoire, designed based on the human IGHD and IGHJ germline
sequences, the CDRH3 repertoire comprising the following:

(i) optionally, one or more tail regions;

(i1) one or more N1 regions, comprising about 0 to about 10 amino acids
selected from the group consisting of fewer than 20 of the amino acid types
preferentially encoded by the action of terminal deoxynucleotidyl transferase
(TdT) and functionally expressed by human B cells;

(ii1) one or DH segments, based on one or more selected IGHD segments,
and one or more N- or C-terminal truncations thereof;

(iv) one or more N2 regions, comprising about 0 to about 10 amino acids
selected from the group consisting of fewer than 20 of the amino acids
preferentially encoded by the activity of TdT and functionally expressed by
human B cells; and

(v) one or more H3-JH segments, based on one or more IGHJ segments,
and one or more N-terminal truncations thereof (e.g., down to XXWGQG);

(c) one or more selected human antibody kappa and/or lambda light chain
chassis; and

(d) a CDRL3 repertoire designed based on the human IGLV and IGLJ germline
sequences, wherein “L” may be a kappa or lambda light chain.

The heavy chain chassis may be any sequence with homology to Kabat residues
1 to 94 of an immunoglobulin heavy chain variable domain. Non-limiting examples of
heavy chain chassis are included in the Examples, and one of ordinary skill in the art
will readily recognize that the principles presented therein, and throughout the

specification, may be used to derive additional heavy chain chassis.
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As described above, the heavy chain chassis region is followed, optionally, by a
“tail” region. The tail region comprises zero, one, or more amino acids that may or may
not be selected on the basis of comparing naturally occurring heavy chain sequences.
For example, in certain embodiments of the invention, heavy chain sequences available
in the art may be compared, and the residues occurring most frequently in the tail
position in the naturally occurring sequences included in the library (e.g., to produce
sequences that most closely resemble human sequences). In other embodiments, amino
acids that are used less frequently may be used. In still other embodiments, amino acids
selected from any group of amino acids may be used. In certain embodiments of the
invention, the length of the tail is zero (no residue) or one (e.g., G/D/E) amino acid. For
the purposes of clarity, and without being bound by theory, in the naturally occurring
human repertoire, the first 2/3 of the codon encoding the tail residue is provided by the
FRM3 region of the VH gene. The amino acid at this position in naturally occurring
heavy chain sequences may thus be considered to be partially encoded by the IGHV
gene (2/3) and partially encoded by the CDRH3 (1/3). However, for the purposes of
clearly illustrating certain aspects of the invention, the entire codon encoding the tail
residue (and, therefore, the amino acid derived from it) is described herein as being part
of the CDRH3 sequence.

As described above, there are two peptide segments derived from nucleotides
which are added by TdT in the naturally occurring human antibody repertoire. These
segments are designated N1 and N2 (referred to herein as N1 and N2 segments,
domains, regions or sequences). In certain embodiments of the invention, N1 and N2
are about 0, 1, 2, or 3 amino acids in length. Without being bound by theory, it is
thought that these lengths most closely mimic the N1 and N2 lengths found in the human
repertoire (see Figure 2). In other embodiments of the invention, N1 and N2 may be
about 4, 5, 6,7, 8,9, or 10 amino acids in length. Similarly, the composition of the
amino acid residues utilized to produce the N1 and N2 segments may also vary. In
certain embodiments of the invention, the amino acids used to produce N1 and N2
segments may be selected from amongst the eight most frequently occurring amino acids
in the N1 and N2 domains of the human repertoire (e.g., G,R, S, P, L, A, V,and T). In
other embodiments of the invention, the amino acids used to produce the N1 and N2
segments may be selected from the group consisting of fewer than about 20, 19, 18, 17,

16, 15,14, 13,12, 11, 10,9, 8, 7, 6, 5, 4, or 3 of the amino acids preferentially encoded
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by the activity of TdT and functionally expressed by human B cells. Alternatively, N1
and N2 may comprise amino acids selected from any group of amino acids. It is not
required that N1 and N2 be of a similar length or composition, and independent variation
of the length and composition of N1 and N2 is one method by which additional diversity
may be introduced into the library.

The DH segments of the libraries are based on the peptides encoded by the
naturally occurring IGHD gene repertoire, with progressive deletion of residues at the N-
and C-termini. IGHD genes may be read in multiple reading frames, and peptides
representing these reading frames, and their N- and C-terminal deletions are also
included in the libraries of the invention. In certain embodiments of the invention, DH
segments as short as three amino acid residues may be included in the libraries. In other
embodiments of the invention, DH segments as short as about 1, 2, 4, 5, 6, 7, or 8 amino
acids may be included in the libraries.

The H3-JH segments of the libraries are based on the peptides encoded by the
naturally occurring IGHJ gene repertoire, with progressive deletion of residues at the N-
terminus. The N-terminal portion of the IGHJ segment that makes up part of the
CDRH3 is referred to herein as H3-JH. In certain embodiments of the invention, the
H3-JH segment may be represented by progressive N-terminal deletions of one or more
H3-JH residues, down to two H3-JH residues. In other embodiments of the invention,
the H3-JH segments of the library may contain N-terminal deletions (or no deletions)
down to about 6, 5, 4, 3, 2, 1, or 0 H3-JH residues.

The light chain chassis of the libraries may be any sequence with homology to
Kabat residues 1 to 88 of naturally occurring light chain (k or 1) sequences. In certain
embodiments of the invention, the light chain chassis of the invention are synthesized in
combinatorial fashion, utilizing VL and JL segments, to produce one or more libraries of
light chain sequences with diversity in the chassis and CDR3 sequences. In other
embodiments of the invention, the light chain CDR3 sequences are synthesized using
degenerate oligonucleotides or trinucleotides and recombined with the light chain
chassis and light chain constant region, to form full-length light chains.

The instant invention also provides methods for producing and using such
libraries, as well as libraries comprising one or more immunoglobulin domains or
antibody fragments. Design and synthesis of each component of the claimed antibody

libraries is provided in more detail below.
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2.1. Design of the Antibody Library Chassis Sequences

One step in building certain libraries of the invention is the selection of chassis
sequences, which are based on naturally occurring variable domain sequences (e.g.,
IGHV and IGLV). This selection can be done arbitrarily, or by the selection of chassis
that meet certain criteria. For example, the Kabat database, an electronic database
containing non-redundant rearranged antibody sequences, can be queried for those heavy
and light chain germline sequences that are most frequently represented. The BLAST
search algorithm, or more specialized tools such as SoDA (Volpe ef al., Bioinformatics,
2006, 22: 438-44, incorporated by reference in its entirety), can be used to compare
rearranged antibody sequences with germline sequences, using the V BASE2 database
(Retter et al., Nucleic Acids Res., 2005, 33: D671-D674), or similar collections of
human V, D, and J genes, to identify the germline families that are most frequently used
to generate functional antibodies.

Several criteria can be utilized for the selection of chassis for inclusion in the
libraries of the invention. For example, sequences that are known (or have been
determined) to express poorly in yeast, or other organisms used in the invention (e.g.,
bacteria, mammalian cells, fungi, or plants) can be excluded from the libraries. Chassis
may also be chosen based on their representation in the peripheral blood of humans. In
certain embodiments of the invention, it may be desirable to select chassis that
correspond to germline sequences that are highly represented in the peripheral blood of
humans. In other embodiments, it may be desirable to select chassis that correspond to
germline sequences that are less frequently represented, for example, to increase the
canonical diversity of the library. Therefore, chassis may be selected to produce
libraries that represent the largest and most structurally diverse group of functional
human antibodies. In other embodiments of t