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Background: The protein AID generates nucleotide insertions and deletions (indels) critical for antibody affinity

maturation.

Results: The location, diversity, and evolution of indels were examined.
Conclusion: AID generates diverse sequence-related indels that localize to antigen binding regions in vitro and in vivo.
Significance: AID is sufficient to form indels that combine with point mutations to form a robust system for antibody evolution.

During somatic hypermutation (SHM), deamination of cyti-
dine by activation-induced cytidine deaminase and subsequent
DNA repair generates mutations within immunoglobulin V-re-
gions. Nucleotide insertions and deletions (indels) have recently
been shown to be critical for the evolution of antibody binding.
Affinity maturation of 53 antibodies using in vitro SHM in a
non-B cell context was compared with mutation patterns
observed for SHM in vivo. The origin and frequency of indels
seen during in vitro maturation were similar to that in vivo.
Indels are localized to CDRs, and secondary mutations within
insertions further optimize antigen binding. Structural deter-
mination of an antibody matured ix vitro and comparison with
human-derived antibodies containing insertions reveal con-
served patterns of antibody maturation. These findings indicate
that activation-induced cytidine deaminase acting on V-region
sequences is sufficient to initiate authentic formation of indels
in vitro and in vivo and that point mutations, indel formation,
and clonal selection form a robust tripartite system for antibody
evolution.

The adaptive immune system combines multiple processes
to generate a repertoire of diverse antibodies. Recombination of
VD] germ line segments results in a naive antibody repertoire
with both sequence and length diversity in antigen contacting
regions. B cell clones expressing naive antibodies with weak
affinity for antigen are stimulated to express AID* and initiate
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SHM. Maturation is accelerated by clonal expansion of cells
expressing antibodies containing AID-mediated mutations
that improve affinity (1).

Antibodies are modified by AID-mediated mutations,
including point mutations and indels (2-5). Studies of in vivo
derived immunoglobulin genes have highlighted the impor-
tance of indels in affinity maturation (5- 8), and indels contrib-
ute to the diversification of the antibody repertoire (9-11).
Indels generated in antibodies iz vivo have been associated with
SHM hotspots and are observed to localize predominantly in
complementarity-determining regions (CDRs) (5). Antibodies
containing SHM-derived indels have been demonstrated to
play critical roles in antigen recognition during chronic infec-
tion (12—17).

The mechanisms underlying generation of indels during
antibody affinity maturation are poorly understood, and exam-
ination has been hampered by their low in vivo frequency and
the difficulties attending i situ monitoring of in vivo affinity
maturation (9, 11). The diversity in CDR3 lengths introduced
by V(D)] recombination makes the analysis of indels introduced
in this region during in vivo SHM extremely challenging.
Although technical advances have recently enabled an investi-
gation of indels in vivo (5), questions remain regarding which
components of the SHM machinery are critical for indel forma-
tion, the diversity of indels generated during maturation to an
antigen, and the interplay between indels and single amino acid
substitutions during subsequent maturation to improve affinity
and specificity. Selection and expansion of cells producing anti-
bodies containing indels are subject to a number of constraints,
as expressed antibodies need to retain their overall structure
and stability as well as improve antigen binding characteristics.
In addition, antibodies that incorporate indels that result in
increased nonspecific binding or in cross-reactivity to host tis-
sues would likely be eliminated.

In this study, in vitro SHM was used to scrutinize the in situ
creation, selection, and maturation of indels. Fifty three distinct
antibodies were affinity matured against 21 different antigens,
and our findings were compared with in vivo antibody reper-
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toires. Indels observed during in vitro SHM were analyzed and
found to significantly improve antibody affinity and function.
Indels observed during in vitro affinity maturation were local-
ized to regions likely to improve binding, in particular to CDR1
of the heavy chain (HC) and light chain (LC), similar to that
observed in vivo. The crystal structures of a human antibody
with and without an insertion derived from in vitro SHM were
determined and compared with published antibody structures
containing insertions. Multiple indels of related composition
and origin were often observed for the same antibody during in
vitro SHM, and secondary AID-mediated point mutations in
and around the indel were found to further optimize antigen
recognition. These findings suggest that AID expression in a
heterologous context is sufficient to generate both indels and
point mutations, and when combined with selection for
improved antigen binding, it enables rapid evolution of naive
antibody sequences to innumerable antigens.

EXPERIMENTAL PROCEDURES

In Vitro SHM Antibody Affinity Maturation—Antibody
affinity maturation was conducted using in vitro somatic hyper-
mutation as described previously (18 —20). In short, the respec-
tive antibody was simultaneously displayed on the surface of,
and secreted from, HEK293-c18 cells using an episomal vector
system. After establishment of stable episomal cell lines, a vec-
tor for expression of AID was transfected into the cells to initi-
ate somatic hypermutation. Cell populations co-expressing the
antibody and AID were expanded to 2—4 X 107 cells, and fluo-
rescence-activated cell sorting (FACS) was performed in the
presence of fluorescently labeled antigen under increasingly
stringent conditions. Iterative rounds of AID transfection and
FACS selection, each isolating the brightest cells incubated in
diminishing concentrations of fluorescent antigen, were used
to enrich and identify cells expressing antibody variants with
improved binding affinity for antigen. Cell pellets were col-
lected in each round and submitted for antibody V-region
sequencing by standard Sanger and/or next generation
sequencing technology.

Sequencing and Preparation of PBMC ¢cDNA—RNA from
peripheral blood lymphocytes (PBMCs) from a total of 68
healthy donors was purchased from two sources as follows:
seven donors from AllCells, Inc. (Alameda, CA), and 61 donors
from HemaCare Corp. (San Fernando Valley, CA). Donors
were from diverse ethnic backgrounds and of varying countries
of origin. RNAs from an average of six donors were pooled for
each polymerase chain reaction (PCR), and HC, kLC and ALC
RT-PCRs were each run separately. Sequences for HC forward
primers (5’ to 3") are as follows: CCTATCCCCTGTGTGCCT-
TGGCAGTCTCAGggaggatcctcttyttggtggcage; CCTATCCC-
CTGTGTGCCTTGGCAGTCTCAGgacctggaggatcctcttcttgs-
tgg; CCTATCCCCTGTGTGCCTTGGCAGTCTCAGgggctg-
agctgggttttectygttg; CCTATCCCCTGTGTGCCTTGGCAG-
TCTCAGggagtttgggctgagetggvttttyc; CCTATCCCCTGTGT-
GCCTTGGCAGTCTCAGcggagtttgggctgagetgggttttc; CCTA-
TCCCCTGTGTGCCTTGGCAGTCTCAGctyctsctggtggarge-
tcccagatg; CCTATCCCCTGTGTGCCTTGGCAGTCTCAG-
ctectectggetgttctecaaggag; CCTATCCCCTGTGTGCCTTG-
GCAGTCTCAGctgtctecttectcatcttectgac;and CCTATCCCC-

33558 JOURNAL OF BIOLOGICAL CHEMISTRY

TGTGTGCCTTGGCAGTCTCAGgacctggaggatcctcttcttggtg.
Sequences for kKLC forward primers (5’ to 3') are as follows:
CCTATCCCCTGTGTGCCTTGGCAGTCTCAGctcagctect-
ggggctectgewrcte; CCTATCCCCTGTGTGCCTTGGCAGT-
CTCAGctcagctyctggggcetgetaatgete; CCTATCCCCTGTGTG-
CCTTGGCAGTCTCAGcttcctectgetactetggetcecag; CCTAT-
CCCCTGTGTGCCTTGGCAGTCTCAGctctgttgetctggatetce-
tggtgee; CCTATCCCCTGTGTGCCTTGGCAGTCTCAGcc-
aggttcacctectcagcettectec; CCTATCCCCTGTGTGCCTTGG-
CAGTCTCAGctgctgcetctgggttccagectecag. Sequences for ALC
forward primers (5’ to 3’) are as follows: CCTATCCCCTGT-
GTGCCTTGGCAGTCTCAGctcctectcaccctecterytcactg; CC-
TATCCCCTGTGTGCCTTGGCAGTCTCAGcctcaccctecte-
actcaggrcacag; CCTATCCCCTGTGTGCCTTGGCAGTCT-
CAGctctectgeteecectectcaytytc; CCTATCCCCTGTGTGCC-
TTGGCAGTCTCAGctcggcectcectctctcactgecacagg; CCTATC-
CCCTGTGTGCCTTGGCAGTCTCAGctcccactcctcaacctcta-
cacagg; CCTATCCCCTGTGTGCCTTGGCAGTCTCAGcgc-
agcctcecttgetcactttacagg; CCTATCCCCTGTGTGCCTTGGC-
AGTCTCAGctcggegtecttgettactgcacagg; CCTATCCCCTGT-
GTGCCTTGGCAGTCTCAGcectcctectetgeacagggtctcte; CC-
TATCCCCTGTGTGCCTTGGCAGTCTCAGcctgggtctectte-
tacctactge; CCTATCCCCTGTGTGCCTTGGCAGTCTCA-
Gectctcteactgeacaggttcectc; CCTATCCCCTGTGTGCCTT-
GGCAGTCTCAGctcaccctectegetcactgecacagg; CCTATCCC-
CTGTGTGCCTTGGCAGTCTCAGctgttcctectcacttgetgece-
agg; CCTATCCCCTGTGTGCCTTGGCAGTCTCAGcctcegg-
actccttgcttatggatcag; CCTATCCCCTGTGTGCCTTGGCAG-
TCTCAGctcctcaccctectcagtctectcac; CCTATCCCCTGTGT-
GCCTTGGCAGTCTCAGcctgaccctectcactcactetgeag. Se-
quences for HC reverse primers (5’ to 3") are as follows: CCA-
TCTCATCCCTGCGTGTCTCCGACTCAGACGCTCGAC-
AGgaagacggatgggcccttg; CCATCTCATCCCTGCGTGTCT-
CCGACTCAGACGCTCGACAGgaagaccgatgggcccttg; CCA-
TCTCATCCCTGCGTGTCTCCGACTCAGACGCTCGAC-
AGGgaaaagggttggggcgga; CCATCTCATCCCTGCGTGTCT-
CCGACTCAGACGAGTGCGT Ggaagacggatgggcccttg; CCA-
TCTCATCCCTGCGTGTCTCCGACTCAGACGAGTGCG-
TGgaagaccgatgggcccttg; CCATCTCATCCCTGCGTGTC-
TCCGACTCAGACGAGTGCGTGGgaaaagggttggggcgga.
Sequences for kLC reverse primers (5’ to 3’) are as follows:
CCATCTCATCCCTGCGTGTCTCCGACTCAGACGCTC-
GACActcatcagatggecgggaag; CCATCTCATCCCTGCGTGT-
CTCCGACTCAGACGAGTGCGTctcatcagatggegggaag. ALC
reverse primers (5’ to 3') are as follows: CCATCTCATCCCT-
GCGTGTCTCCGACTCAGACGCTCGACAaccgtggggttgge-
cttg; CCATCTCATCCCTGCGTGTCTCCGACTCAGACG-
CTCGACAaccgagggggcagecttg; CCATCTCATCCCTGCGT-
GTCTCCGACTCAGACGCTCGACAaccgatggggcagcecttg;
CCATCTCATCCCTGCGTGTCTCCGACTCAGACGAGT-
GCGTaccgtggggttggecttg; CCATCTCATCCCTGCGTGTCTC-
CGACTCAGACGAGTGCGTaccgagggggcagecttg.

Two ug of RNA from each pool were reverse-transcribed by
priming with a mixture of oligo(dT) and random hexamers
using a SuperScript® III first-strand synthesis system (Invitro-
gen) as per the manufacturer’s protocol. One-tenth of each
reaction was then amplified with HC-, k-, or A-specific internal
oligonucleotides in a 50-ul reaction as follows: 95 °C for 7 min;
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95 °C for 30 s, 55 °C for 30 s, and 68 °C for 1 min for 20 cycles;
68 °C for 7 min and then 4 °C. Approximately 1/100th of each
reaction was amplified for 25 cycles using “external” primers at
95 °C for 7 min; 95 °C for 30 s, 55 °C for 30 s, and 68 °C for 1 min;
then 68 °C for 7 min and then 4 °C. 5 ul of each reaction were
run on a 1% agarose gel, and bands of correct size were excised
from the gel. DNA was recovered using a Zymoclean™" gel
DNA recovery kit (Zymo Research, Irvine, CA). Recovered
DNA was sent to 454 Life Sciences (Roche Applied Science) for
sequencing.

Sequencing of in Vitro AID-mediated Affinity Maturation—
For Sanger sequencing, oligonucleotide primers were used that
encompass ~140 nucleotides 5’ to the ATG start codon
through 30 nucleotides 3’ to the junction of the variable/con-
stant regions, to yield amplicons of ~550 nucleotides in length
for both HC and LC.

Next Generation Sequencing Analysis of in Vitro Antibody
Repertoires—For next generation sequencing, ~5 X 10°
HEK293-c18 cells were washed once with PBS, spun down, and
resuspended in 50 ul of Lyse-N-Go buffer (Fisher). After incu-
bation at 95 °C for 10 min, cell lysates were centrifuged at
14,000 rpm for 10 min to remove cell debris. Antibody V; and
V. open reading frames were amplified by PCR from their epi-
somal expression vectors (18) using specific primers comple-
mentary to the CMV promoter region and to the heavy and
light chain constant regions using Pfx high fidelity polymerase
(Invitrogen): CMV forward primer is as follows: 5'-TACG-
GTGGGAGGTCTATATAAGCA-3'; HC reverse primer is as
follows: 5'-CTGAGTTCCACGACACCGTCACAG-3'; and LC
reverse primer is as follows: 5'-GTTACCCGATTGGAGG-
GCGTTATC-3'. PCR fragments were purified using the Qiagen
PCR cleanup kit (Qiagen) and quantified using the Quant-iT
PicoGreen dsDNA kit (Invitrogen) according to the manufac-
turers’ protocols. Sequencing output was processed by the 454
Amplicon Default pipeline (Roche Applied Science). Typically
~50,000-200,000 HC and/or LC reads were obtained per sam-
ple for a given experiment.

Analysis of in Vitro and in Vitro Sequencing Data—For the in
vitro derived samples, reads were mapped to the respective
known parental heavy chain and light chain sequences incor-
porated in the vectors using 454 GSMapper (Roche Applied
Science). For in vivo derived samples, read mapping was carried
out using IgBlast (21) with searching against germ line gene
sequences and their allelic variants assembled from multiple
database sources. Indels were called from pairwise alignments
generated by GSMapper, and those transformed from IgBlast
(for in vivo samples) using VarScan (22) with customized mod-
ification. The signal peptide sequence was excluded in this anal-
ysis. Indels shorter than three bases, those occurring at the
boundaries of sequence reads (within 5 nucleotides), and those
in or proximal to homopolymer sequences (A, T, C, or G; n = 6)
were excluded from consideration. High quality reads were
then mapped to their originating HC or LC variable region
immunoglobulin sequence (in vivo) or starting sequence (in
vitro) by Smith-Waterman-based realignment (23). Indel-re-
lated motifs were detected by examining the base context of the
parental sequences at the regions where indel occurred. For
each insertion, 10 bp (five leading and five trailing) around the
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locus were extracted, and for each deletion, in addition to the
five leading and five trailing pairs, the exact deleted sequences
were also extracted.

SPR Affinity Measurements—Binding kinetics and affini-
ties of IgG1 antibodies were determined by SPR on a BIAcore
T200 instrument (GE Healthcare). Approximately 200 —400
response units of the antibodies were captured on a CM5 sensor
chip previously immobilized with 10,000 response units of an
anti-human Fc-specific antibody (GE Healthcare). For the anti-
human B-nerve growth factor (BNGF) antibodies, soluble
hBNGF (R&D Systems) was diluted 3-fold from 500 to 6 nm
with HBS-EP+ buffer. Each hBNGF concentration was then
injected for 2 min at a flow rate of 30 ul/min and allowed to
dissociate for 2 min. A similar protocol was followed for the
anti-human cell line-derived neurotrophic factor receptor al
(GFRal) antibodies, where the soluble extracellular domain of
human GFRal was diluted and used as the analyte. Each
hGFRal concentration was then injected for 3 min at a flow
rate of 30 ul/min and allowed to dissociate for 3 min. The sur-
face was regenerated with 60 ul of 3 m MgCl, after each cycle.
Double reference subtracted sensorgrams were fit globally
using a 1:1 binding model with mass transport with the BIAcore
T200 evaluation software to determine dissociation constants
(Kp):

Protein Production—The Fab portions of the HC and LC of
an anti-hBNGF antibody with and without a 9-amino acid
insertion were cloned into pcDNA3.3 vectors and transiently
expressed in Expi293F cells (Invitrogen) using ExpiFectamine
reagent following the manufacturer’s instructions. After 5-7
days of incubation at 37 °C and 5% CO.,, cell culture superna-
tants were harvested. Fabs were captured using KappaSelect
resin (GE Healthcare). The column was washed with 10 column
volumes of 1X PBS, pH 7.4, and proteins were eluted with 100
mM glycine, pH 2.5. Eluted fractions containing purified Fab
were buffer-exchanged into 10 mm Tris-HCI, pH 8.0, 150 mm
NaCl, and protein concentrations were determined by absorp-
tion at 280 nm.

Crystallization and Data Processing—Fab APE1531 (5.8
mg/ml) was crystallized from 12% PEG 20,000, 0.1 M NaCl,
0.1 M MES, pH 6.5, at 22 °C by sitting drop vapor diffusion by
mixing 1.0 ul of protein solution with 0.5 ul of reservoir solu-
tion. Crystals were cryo-protected with 30% glycerol in reser-
voir solution and vitrified in liquid nitrogen. A complete data
set to 1.75 A was collected at the Stanford Synchrotron Radia-
tion Lightsource beamline 11-1 (Palo Alto, CA), integrated with
XDS (24), and scaled with SCALA (25).

Fab APE1551 (6.5 mg/ml) was crystallized from 16% PEG
6000, 0.1 ™ citric acid, pH 6 -7, at 22 °C by sitting drop vapor
diffusion by mixing 0.5 ul of protein solution with 0.5 ul of
reservoir solution. Crystals were cryo-protected with 30% glyc-
erolin reservoir solution and vitrified in liquid nitrogen. A com-
plete data set to 1.60 A was collected at the Stanford Synchro-
tron Radiation Lightsource beamline 12-2 and was integrated
and scaled with HKL2000 (26).

Structure Determination, Refinement, and Analysis—The
structure of the APE1531 Fab was determined by molecular
replacement (MR) to 1.75 A resolution in monoclinic space
group C2 (V,, = 2.3 A%/Da for one molecule per asymmetric
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TABLE 1
Crystallography data collection and refinement statistics

Crystallographic data collection and refinement statistics for the structural deter-
mination of the anti-hBNGF antibody with (PDB code 4NWU) and without (PDB
code 4NWT) a nucleotide insertion in H2.

APE1531 (4NWT)

Data collection APE1551 (ANWU)

Space group C2 C2
Cell dimensions
a, b, c(A) 127.72, 64.36, 63.81 127.05, 66.25, 63.88

a By () . 90.00, 108.67, 90.00 90.00, 108.54, 90.00
Wavelength (A) 0.97830 0.97950
Resolution (A) 40-1.75 (1.80-1.75)" 50-1.6 (1.63-1.60)
R...... (%) 4.8 (60.4)" 6.7 (62.3)
(o 25.3 (2.9) 23.9 (2.4)
Completeness (%) 98.5 (97.7)* 97.9 (96.3)*
Unique reflections 49,566 64,694
Redundancy 6.9 (6.6)" 6.6 (5.0)*
Refinement

Resolution (A) 38.6-1.75 45.6-1.6

No. of reflections work/test  46,262/2452 61,414/3280

Ryond Riree (%) 15.0/18.1 16.6/19.8

r.m.s.d.

Bond lengths (A) 0.019 0.019
Bond angles (°) 1.99 1.98
Ramachandran statistics

Favored/allowed/outliers (%) 97.4/2.3/0.2 96.5/3.5/0.0

“ Highest resolution shell is shown in parentheses.

unit). The Protein Data Bank (PDB) was searched for sequences
with the highest identity to the individual Ig domains of
APE1531.3QOT for the V;:V;; and 3SOB for C; :C;1 were then
used as MR templates, and MR solutions were found using
PHASER (27). The MR model was subjected to rigid body
refinement and restrained all atom refinement with REFMAC5
(28). Further refinement was achieved by alternating cycles of
model building with COOT (29) and refinement with
REFMACS. The final model was refined to R, = 15.0% and
Rpe. = 18.1% (Table 1) and consists of one APE1531 Fab (chain
L residues 1-214 and chain H residues 1-231), 2 MES buffer
molecules, 4 acetate molecules, 1 short-chain PEG molecule,
and 373 waters per asymmetric unit. The structure of the
APE1551 Fab was determined by molecular replacement to
1.60 A resolution in monoclinic space group C2 (V,, = 2.5
A3/Da for one molecule per asymmetric unit). The individual Ig
domains of APE1531 were used as MR templates, and the MR
solution was rebuilt and refined similarly as described above.
The final model was refined to R, = 16.6% and Ry, = 19.8%
and consists of one APE1551 Fab (chain L residues 1-214 and
chain H residues 2-230), and 434 waters per asymmetric unit.
The final statistics for APE1531 and APE1551 are shown in
Table 1. The quality of the structures was evaluated with the
quality control features implemented in COOT, and superim-
positions were done with SSM or LSQ, as implemented in
COOT. Coordinates and structure factors have been deposited
in the PDB Protein Data Bank with accession numbers 4NWT
(APE1531) and 4ANWU (APE1551).

RESULTS

To characterize the indel repertoire of antibodies in vivo and
in vitro, antibody V-regions from several populations were
sequenced (Table 2). Normal human PBMC samples, obtained
from 68 normal human donors and composed of both imma-
ture and mature B cells, were sequenced, and high quality V-re-
gion sequences were mapped to the closest human germ line
V-region sequence. To investigate the in situ creation, selection

33560 JOURNAL OF BIOLOGICAL CHEMISTRY

TABLE 2

NGS and Sanger sequencing results for in vivo and in vitro derived
antibodies

The number of samples, reads, and indels observed for in vivo and in vitro derived

antibody samples is reported. The number of in-frame (e.g, n = 3,6,9, ... ) indels
observed is shown in parentheses. NA means not available.
Invitro AID, no In vitro In vitro AID,
binding selection no AID binding selection In vivo
HC
Samples 18 3 132 68
Reads 1,672,921 363,535 143,329 285,331
Indels 274 (113) 0 (54) 1,497 (1,173)
LC
Samples 16 NA 132 1
Reads 1,419,998 NA 118,762 197,374
Indels 215 (91) NA (51) 899 (658)

and maturation of indels emanating from individual antibodies,
an in vitro SHM system coupled with a mammalian cell display
of full-length IgGs was used (18). In total, 39 human germ line
antibodies and 14 CDR-grafted antibodies, directed against 21
unique antigens, were matured to high affinity via SHM in vitro.
In addition, two in vitro SHM populations were collected for
comparison in which antibodies were co-expressed with AID,
without selection for improved antigen binding. Antibodies
were also expressed in vitro in the absence of AID, to assess the
spectrum of indels specific to sample handling and sequencing.

Indels were detected in both in vivo and in vitro antibody
sequences, but not in in vitro samples lacking AID (Table 2).
Indels were found in 0.52 and 0.46% of all in vivo HC and LC
sequences, respectively, with 0.41 and 0.33% of HC and LC con-
taining in-frame indels. Indels were also detected in sequences
from in vitro AID samples with or without selection for
improved antigen binding, but not in sequences from in vitro
samples lacking AID, indicating that AID is essential and suffi-
cient for indel generation in non-B cells and that the techniques
utilized for analysis and in vitro sample manipulation did not
generate indels. The frequency of in-frame indels in in vitro
AID samples was ~0.05—0.1%, a rate 10-fold lower than the in
vivo rate. Indels recovered from in vitro AID samples, with or
without antigen binding selection, were produced exclusively
by local sequence duplication (Fig. 1), consistent with indels
observed in vivo here and elsewhere (11, 30).

Location of Indels in Vitro and in Vivo—The location of
indels in affinity-matured antibodies was comparable in vivo
and in vitro. HC indels in vivo were strongly biased toward both
HC CDR1 (i.e. CDRH1) and CDRH2, although LC indels pref-
erentially occurred in CDRL1 (Fig. 2). This parallels previous
findings, where 47% of insertions and 29% of deletions were
found in CDRHI1 and 13 and 7% in CDRH2 (5). Because the
exact originating sequences of CDR3s in vivo are not known,
indels could not be conclusively mapped for this region and
were therefore omitted from in vivo analysis.

For antibody sequences co-expressed AID in vitro but in the
absence of antigen binding selection, indels were distributed
throughout the V-region and were only modestly enriched in
CDR regions (Fig. 2). Affinity maturation in vitro led to signif-
icant enrichment of indels in CDR regions, most prominently for
CDRH1 and CDRLI1. Because the originating sequence is known
for the in vitro samples, indels within HC and LC CDR3s were
analyzed and observed to be enriched in CDRL3 and CDRH3.
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18 20 22 24 26 28 30 32 34 36 38

V K V sSs ¢ K A S G Y T F T W V Q @
GTGAAGGTCTCCTGCAAGGCTTCTGGATACACCTTCACCGGCTACTATATGCACTGGGTTCAACAG

V KV S S CcC KA SGYTTFI T G Y Y MWV Q @
GTGAAGGTCTCCI[SIGCAAGGCTTCTGGATACACCT TCACCGGCTACTATATGCACTGGGTTCAACAG
V KV S CcC KA S KA ASGU YT T FTGY Y MGJJMWVQ

GTGAAGGTCTCCTGCAAGGCTTCT NN RIEIGGATACACCTTCACCGGCTACTATATGCACTGGGTTCAA
V KV S c KA S G Y G Y Y M dwvoo
GTGAAGGTCTCCTGCAAGGCTTCTGGATAC————————- GGCTACTATATGCACTGGGTTCAACAG
V KV S CcCKASGZYTTF FT F M dwvooo
GTGAAGGTCTCCTGCAAGGCTTCTGGATACACCTTCACC-———-- TATATGCACTGGGTTCAACAG
V KV SsScKASGYTTFTGYTYTIZLJYATLTGS T
GTGAAGGTCTCCTGCAAGGCTTCTGGATACACCTTCACCGGCTACTATATE GCACTGGGTTCAACA

FIGURE 1. Examples of the indels observed for a single antibody HC. Examples of the indels observed for a single antibody HC obtained when the antibody
was expressed in vitro with AID in the absence of selection for improved antigen binding are shown. The starting amino acid and DNA HC sequence (top) is
shown together with five in-frame indels and one indel producing a frameshift (bottom). CDR H1 regions are highlighted with a box; deletions are indicated by
dashes, and Kabat numbering is shown across the top. For insertions, the upstream sequence is shown in underlined light gray type, and the resulting duplicated
sequence is highlighted in black.
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FIGURE 2. Indel localization and length distribution in variable regions. Indel localization and length distribution in variable regions of antibodies sub-
jected to in vitro AID without selection for improved antigen binding (blue), in vitro AID with selection for improved antigen binding (green), and in vivo
antibodies obtained from immature and mature B cells (orange). Indel frequency for each Kabat position is shown in the LC (A) and in the HC (B). The frequency
of observed amino acid lengths of deletions (C) and insertions (D) is shown, with same colors as above.
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FIGURE 3. Unique insertions recovered during in vitro affinity maturation. Amino acid and nucleic acid V sequences containing unique insertions were
recovered during in vitro affinity maturation of two representative human antibodies. A, HC of an anti-hBNGF antibody; B, LC of an anti-hGFRa1 antibody. The
amino acid sequences are shown on the top, and the respective DNA sequence is below. CDRH1 and CDRL1 regions are highlighted with a box; originating
sequence is shownin light gray; inserted sequence in black; and point mutations from the parental sequence shown in intermediate dark gray. C, mutations that
enriched in the context of indel HC5 (A) during subsequent affinity maturation of the antibody are shown highlighted in bold.

The majority of in vivo in-frame indels were short (1 or 2
amino acids in length), with ~90% of insertions and deletions
being =3 amino acids. The longest observed insert was 9 amino
acids, and the longest deletion was 9 amino acids. For in vitro
derived and affinity-matured antibodies, the majority of
in-frame indels was relatively short, with 50% comprising less
than 4 amino acids (Fig. 2, C and D), although the indels
observed in antibodies in the absence of antigen binding selec-
tion were significantly longer (up to 18 amino acids). This find-
ing may indicate the increased likelihood of longer indels dis-
rupting antibody structure and/or stability thereby interfering
with functional selection. Insertions ranging from 3 to 11 amino
acids in length were observed during in vitro maturation with
functional selection. In contrast, deletions of 1 or 2 amino acids
accounted for the majority of observed events in both the in
vitro and in vivo samples (90% = 3 amino acids).

Insitu indel generation, selection, and evolution in individual
antibodies was further examined using in vitro SHM (18). Fifty
three antibodies were affinity-matured using iterative FACS
selection (0.1-0.5%) of cells binding progressively lower con-
centrations of fluorescently labeled antigen, and sequencing
was performed to identify point mutations and indels following
each round of selection. Final affinity-matured antibodies con-
tained a total of 358 point mutations, and nine of the antibodies
contained one or more indels (n = 11).
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Numerous Sequence-related Indels Generated during Affinity
Maturation—Related indels were frequently observed during
in vitro maturation of an antibody to an antigen, and enriched
insertions were further optimized by point mutations. A total of
nine unique insertions were observed at the junction of frame-
work region 1 (FW1)/CDRH1 (HC3-HC11, Fig. 3A4) during ini-
tial maturation of a germ line antibody to hBNGF (19). All
insertions were generated by local sequence duplication and
resulted in a CDRH1 loop that is extended by 1-9 additional
amino acids. The majority of the originating insertions
were accompanied by point mutations, and the locations of
these mutations appear to be semi-conserved among the nine
unique sequences containing related indels (Fig. 34). Only in
one instance was the originating and duplicated sequence not
immediately adjacent (HCS, Fig. 3B), consistent with reported
mechanisms of indel formation iz vivo (9-11).

Several of the anti-hBNGF HC sequences containing an
insertion were recovered, paired with the parental LC, and
expressed as full-length IgGs, and binding kinetics were char-
acterized using SPR. All of the HCs tested (HC3-6) improved
affinity for h BNGF (K, = 900, 2.1, 20, and 6 nMm, respectively)
over that of the parental antibody (K, >>1 um) (Fig. 4) with
corresponding improvements in bioactivity (19). During the
course of affinity maturation, additional point mutations were
observed within the FW1/CDRHI1 region that improved bind-
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FIGURE 4. Improvement in binding affinity for antibodies containing insertions. Improvement of antigen binding affinity for anti-h BNGF and anti-hGFRa1
antibodies containing CDRH1 and CDRL1 insertions, respectively. SPR was carried out by antibody capture at low density on an anti-human IgG surface
followed by flowing antigen over the surface. SPR sensorgrams are shown for an anti-hBNGF antibody containing two point mutations, S31N and L45F in
CDRH1 and FW2 (A); the same antibody with additionally incorporated insertions derived from in vitro SHM with affinity improvements of >20-fold (corre-
sponding to Fig. 3A HC4-HC6) is shown (B-D). SPR sensorgrams for an anti-hGFRa1 antibody containing no mutations are shown in £ and for the same antibody
with a 5-amino acid insertion in CDRL1 (LC3 in Fig. 3B paired with parental HC), which confers an >40-fold improvement in affinity, in F. RU, response unit.

ing affinity (Fig. 3), presumably by means of direct contacts
between FW1/CDRHI residues and the antigen.

Likewise, multiple point mutations as well as three unique
insertions (LC2-LC4) in CDRL1 were observed during affinity
maturation of an antibody to hGFRa1 (Fig. 3B). When tested by
SPR, the most frequently observed insertion (LC3) improved
antigen binding (K, = 26 nm) over that of the parental antibody
(Kp >1 um) (Fig. 4, E and F).

Crystal Structures of an Antibody with and without an
Indel—To examine the role of in vitro indels on antibody con-
formation and function, crystal structures of Fab fragments of
the anti-hBNGF antibody before and after incorporation of the
insertion in CDRH1 were determined. The structure of the
originating antibody was determined to 1.75 A (Table 1). Ala™®*
is the only residue in the disallowed Ramachandran region but
has very well defined electron density. L51 is in a conserved
y-turn in almost all other antibodies and often mis-assigned by
analysis programs as an outlier (31).

The antibody resembles that of a typical Fab with the domi-
nant features of the combining site being the long CDRH3 and
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CDRL1 loops that extend over the remainder of the CDR loops.
Both the conformation and length of these CDRs are within the
range of previously observed Fab crystal structures, as con-
firmed by three-dimensional structure searches for the individ-
ual Vi; and V| domains. All but two side chains in CDRH3,
Trp™%°¢ and Arg"'°°¢, in the combining site display well
defined electron density, including all residues of CDRH1 (Fig.
5, A and B). Elongated additional electron density in the center
of the combining site was modeled as a short chain PEG located
between the base of CDRH3, CDRHZ2, and the tip of the shorter
CDRLS3.

The Fab structure containing the nine amino acid insertion
in CDRH1 (HC5 in Fig. 3B) was crystallized in same space group
with similar unit cell constants as the parent antibody, and its
structure was determined to 1.6 A resolution (Table 1). Most
residues were well ordered with the exception of CDRH1. No
electron density was observed for Asp™’—-Ala"?? and Thr">%",
which is the first residue of the insertion, although the remain-
der of the insertion (Gly"®**—Ala"®*) and residues C-terminal
thereof had clearly defined electron density (Fig. 5C).
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FIGURE 5. Crystal structures of an antibody with and without a 9-residue insertion. Crystal structures are shown of an anti-human BNGF antibody Fab with
(PDB code 4NWU) and without (PDB code 4NWT) a 9-residue insertion in CDRH1. A, alignment of the CDRH1 antibody sequence with and without the insertion;
Kabat numbering is listed vertically above. The insert is indicated in red, and residues that were not ordered in the crystal structure are shown with lighter
shading. B, crystal structure and 2F, — F_electron density contoured at 10 of CDRH1 and flanking residues of the parent; C, insertion containing antibody. Insert
residues are shown in red, and original sequence is shown in blue. No electron density was observed for eight residues, AspH?”-Ala"3* and the first residue of
the insertion, Thr332, D, schematic representation of the superimposed structures of the variable domains with and without CDRH1 insertion, color-coded as
above. There are no major structural differences except in CDRH1, where the C-terminal portion of the 9-amino acid insertion occupies the place of the original
residues, although the N-terminal part undergoes local rearrangements and leads to disorder indicative of conformational flexibility.

Aside from the major rearrangements in CDRHI, the overall  the originating antibody (Fig. 5D). All atoms of the two Fabs
structure and the conformation of the combining site of the Fab  superimpose with an r.m.s.d. of 0.58 A; for V, all atoms super-
containing the insertion did not significantly differ from that of ~impose with an r.m.s.d. of 0.51 A and for V, with an r.m.s.d. of

33564 JOURNAL OF BIOLOGICAL CHEMISTRY §ASBMB VOLUME 289-NUMBER 48-NOVEMBER 28, 2014



Insertions and Deletions Expand the Diversity of Antibodies

FIGURE 6. Comparison of human antibody structures containing insertions. Molecular surface representation of the crystal structures of Fabs of human
antibodies with different specificities featuring insertions ranging from 4 to 9 amino acids. CDRH1 (yellow), CDRH2 (green), CDRH3 (blue), CDRL1 (yellow), CDRL2
(green), CDRL3 (pink), and insertions (red) are shown in the same orientations in a top view onto the combining site. A, APE1551, an anti-human BNGF antibody
with a 9-residue insert in CDRH1 (PDB code 4NWU). B, bH1, a dual specific antibody to HER2 and VEGF, 4-residue insert in CDRL1 (PDB code 3BDY) (47). C,
PGT127, an anti-gp120 antibody that recognizes conserved glycan residues, 6-residue insert in CDRH1, 4-residue deletion in CDRL1 (PDB code 3TWC) (15). D,
C05, an anti-influenza A hemagglutinin antibody, 5-residue insert in CORH1 (PDB code 4FP8) (17). E, VRCO6, an anti-gp120 antibody, 7-residue insert in heavy
chain FR3, 1-residue deletion in CDRL1 (PDB code 4JB9) (48). F, PGT135, an anti-gp120 antibody, 5-residue insert in CDRH1 (PDB code 4JM2) (49).

1.34 A. The all-atom r.m.s.d. values for V,; without CDRH1
residues Lys"?*~Ser''®® is 0.46 A, indicating that indeed the
only major structural differences between the two Fabs can be
attributed to the CDRHI1 region (Fig. 5D). Well defined elec-
tron density was observed for the side chains of Trp"°°¢ and
Arg'19%8, whereas the side chain of Tyr"** appears to exist in
different rotamers, one of which occupies the position where
the elongated ligand was observed in the parental antibody.

DISCUSSION

SHM in vitro mirrors key aspects of the adaptive immune
response in B cells, including the selection of low affinity antibod-
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ies from libraries of human germ line V-gene segments with
recombined (D)] regions, AID-induced SHM, and iterative selec-
tion of cells expressing antibodies with improved binding for
antigen (18, 19). SHM in vitro has previously been shown to gen-
erate amino acid diversity closely resembling those observed in
vivo with mutations preferentially localizing to known AID hot
spots (18, 32-35). Nucleotide insertions and deletions have
recently emerged as key mechanisms to enhance sequence diver-
sity resulting in additional binding solutions to antigens. Large
scale data analysis of in vivo indel diversity (5, 7) revealed an indel
frequency of up to 6.5% in circulating B cells (5-9).
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In this study, SHM in vitro was used to dissect the in situ
creation, selection, and maturation of indels in antibodies, as
compared with in vivo antibody repertoires. We found that het-
erologous expression of AID is sufficient to generate indels in
vitro, which were generated throughout the V-region in the
absence of antigen binding selection, and which subsequently
were enriched in CDR regions during affinity maturation. Anal-
ysis of indel location after SHM and antigen selection in vitro is
remarkably similar to that observed in in vivo derived antibod-
ies. Multiple sequence-related indels were often generated for a
maturing antibody, with indel enrichment and subsequent
point mutations facilitating rapid optimization of the binding
paratope. When tested, indels were found to improve both anti-
body affinity and function.

Indels originate from sequence duplication in vivo and in
vitro and, due to the lack of a distinct editing mechanism and
AID-mediated point mutations, the resulting sequence space
that can be explored is vast. CDR loops have been shown to
adopt a limited set of canonical conformations that are depen-
dent on the side-chain packing, hydrogen bonding, or confor-
mational preferences of key residues (36, 37). Indels preferen-
tially map to CDRs (5) and thereby significantly expand the
structural repertoire of individual CDRs through generation of
a multitude of novel, unique structural solutions (38). Compar-
ison of in vitro and in vivo derived antibodies containing SHM
indels demonstrates a strong preference for the addition of
indels at conserved sites proximal to the CDRH3/L3 regions
(Fig. 6), where they are well positioned to extend and optimize
the antigen recognition surface (14, 15).

Analysis of SHM in vitro allows facile analysis of the nature
and composition of indels in the CDR3 region. Such analysis is
difficult or impossible to carry out in antibodies derived from in
vivo sources due to the nontemplated nature of the V(D)] rear-
rangements. The unique sequence composition of the CDR3s is
thought to provide initial antigen recognition, with point muta-
tions and indels modulating affinity and specificity by expand-
ing the interaction interface or by remodeling the combining
site (16). Notably, indels appear to play a prominent role in the
optimization of antibodies to pathogens, which present rapidly
evolving antigens (e.g. HIV), or to antigens whose topological,
conformational, or surface chemistry properties (e.g. glycosyla-
tion) make generation of high affinity antibodies difficult. Sig-
nificant mutation of framework regions and pronounced use of
indels suggest that immune responses to these challenging anti-
gens (1, 14-16, 39, 40) often require significant remodeling of
regions peripheral to the combining site center. Previous anal-
ysis of non-IgG protein structures found that indel residues are
disordered and preferentially occur in regions of increased dis-
order tolerant to accommodating new sequences (41-46).

This work extends previous reports demonstrating the
importance of secondary mechanisms in antibody diversifica-
tion beyond V(D)] recombination and AID-mediated single
nucleotide mutations. Generation of multiple sequence-related
indels and their subsequent optimization by SHM dramatically
increases the sequence and structure space that can be explored
by the adaptive immune system. Many parallels to protein evo-
lution in general are apparent, including preferential location in
regions of structural plasticity, intrinsic disorder, and confor-
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mational flexibility, maintenance of overall fold with local mod-
ification of secondary structures in the vicinity of the indel, and
a “mutagenic” effect of indels on their flanking regions.
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